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Abstract—The users at cell edge of a massive multiple-input–5
multiple-output (MIMO) system suffer from severe pilot contam-6
ination (PC), which leads to poor quality of service (QoS). To7
enhance the QoS for these edge users, soft pilot reuse (SPR)8
combined with multicell block diagonalization (MBD) precoding9
is proposed. Specifically, the users are divided into two groups ac-10
cording to their large-scale fading coefficients, which are referred11
to as the center users, who only suffer from modest PC, and the12
edge users, who suffer from severe PC. Based on this distinction,13
the SPR scheme is proposed for improving the QoS for the edge14
users, whereby a cell-center pilot group is reused for all cell-center15
users in all cells, whereas a cell-edge pilot group is applied for16
the edge users in the adjacent cells. By extending the classical17
block diagonalization precoding to a multicell scenario, the MBD18
precoding scheme projects the downlink transmit signal onto the19
null space of the subspace spanned by the intercell channels of20
the edge users in adjacent cells. Thus, the intercell interference21
contaminating the edge users’ signals in the adjacent cells can be22
efficiently mitigated, and hence, the QoS of these edge users can be23
further enhanced. Our theoretical analysis and simulation results24
demonstrate that both the uplink and downlink rates of the edge25
users are significantly improved, albeit at the cost of the slightly26
decreased rate of center users.27
Index Terms—Intercell interference (ICI), massive multiple-28
input–multiple-output (MIMO) system, multicell block diagonal-29
ization (MBD) precoding, pilot contamination (PC), quality of30
service (QoS), soft pilot reuse (SPR).31
I. INTRODUCTION32
IN an effort to meet the escalating demand for increasingly33 higher capacity and improved-reliability wireless systems,34
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the “massive” or large-scale multiple-input–multiple-output 35
(LS-MIMO) concept has been proposed [1]–[3], where, typi- 36
cally, each base station (BS) is equipped with a large number 37
of antenna elements (AEs) to serve far fewer single-AE users. 38
This way, each user may have access to several AEs. This 39
LS-MIMO technology offers several significant advantages in 40
comparison with the conventional MIMO concept having a 41
moderate number of AEs. First, asymptotic analysis based on 42
random matrix theory [2] demonstrates that both the intracell 43
interference and the uncorrelated noise effects can be efficiently 44
mitigated, as the number of AEs tends to infinity. Furthermore, 45
the energy consumption of cellular BSs can be substantially 46
reduced [4], and the LS-MIMO systems are robust, since the 47
failure of one or a few of the AEs and radio-frequency chains 48
would not appreciably affect the resultant system performance 49
[1]. Additionally, low-complexity signal processing relying on 50
matched filter (MF)-based transmit precoding (TPC) and de- 51
tection can be used for approaching the optimal performance, 52
when the number of AEs at the BS tends to infinity [2]. 53
Similar to conventional MIMO systems, knowledge of the 54
channel state information (CSI) is also required at the BS of 55
LS-MIMO systems, namely, for data detection in the uplink 56
(UL) and for multiuser TPC in the downlink (DL) [2], [5]. 57
In the time-division duplexing (TDD) protocol, the BS esti- 58
mates the UL channels and obtains the DL CSI by exploiting 59
the channel’s reciprocity [1], [3], [6]. However, this approach 60
suffers from the so-called pilot contamination (PC) problem 61
[1]–[3] in multicell multiuser scenarios due to the reuse of 62
the pilot sequences in adjacent cells, which imposes grave 63
interference on the channel estimate at the BS. Furthermore, 64
the commonly used MF and zero-forcing (ZF) TPC schemes 65
will impose intercell interference (ICI) on the DL transmission, 66
which cannot be reduced by increasing the number of AEs at 67
the BS. 68
Hence, the problems of ICI and PC have been extensively 69
studied [7]–[21]. The fractional frequency reuse (FFR) scheme 70
[7], [8] adopted in LTE Release 9 aims for mitigating the 71
ICI by assigning orthogonal frequency bands to edge users in 72
the adjacent cells at the cost of additional spectral resources. 73
The original frequency-division duplexing (FDD)-based coor- 74
dinated multipoint (CoMP) transmission of LTE-A Release 11 75
[9] is able to avoid the ICI between adjacent cells, whereby 76
each user estimates and feeds back the quantized DL channel 77
from all adjacent cells to the corresponding BS, and then, the 78
BS distributes the CSI to adjacent cells. However, this kind of 79
FDD-based CoMP technique would not be feasible for massive 80
MIMO since the CSI feedback overhead would be huge as the 81
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number of BS antennas increases [10]. Using time-shifted pilot82
sequences for asynchronous transmission among the adjacent83
cells [11], [12] partially mitigates this problem, but it leads84
to mutual interference between data transmission and pilot85
transmission. A TPC scheme can be used for mitigating the ICI86
with the aid of joint multicell processing [13], [14] but, again,87
imposes a high information exchange overhead. In [15], specific88
conditions on the channel’s covariance matrix were imposed,89
which is only valid for the asymptotic case of infinitely many90
AEs at the BS. The angle of arrival (AOA)-based methods of91
[16] and [17] exploit the fact that the users having mutually92
nonoverlapping AOAs hardly contaminate each other even if93
they use the same pilot sequence, but naturally, the efficiency94
of these methods relies on the assumption that the AOA spread95
of each user is small, which is not always the case under96
realistic channel conditions. A data-aided channel estimation97
scheme was proposed in [18], whereby partially decoded data98
are used for estimating the channel, and the PC effects can99
be beneficially reduced by iterative processing at the cost of100
an increased computational complexity. Additionally, the blind101
method of [19] and [20] based on subspace partitioning is102
capable of reducing the ICI under the assumption that the103
channel vectors of different users are orthogonal, which is not104
often the case in practice. The scheme proposed in [21] is105
capable of eliminating PC altogether, but this is achieved with106
the aid of a complex DL and UL training procedure. Note that107
all these existing contributions treat all users in the same way, as108
though they suffer from the same PC, but in reality, the severity109
of PC varies among the users.110
Against the preceding background, inspired by the FFR111
scheme [7] adopted in LTE Release 9, we propose a soft112
pilot reuse (SPR) scheme for mitigating the PC of LS-MIMO113
systems, whereby a cell-edge pilot group is applied for the114
cell-edge users in adjacent cells, whereas the cell-center users115
reuse the same center pilot group in all cells. Furthermore, by116
extending the classical block diagonalization (BD) precoding117
[23] to a multicell scenario, a multicell block diagonalization118
(MBD) TPC technique is conceived for mitigating the ICI and119
for enhancing the quality of service (QoS) for the edge users.120
Specifically, the contributions of this paper are summarized as121
follows.122
• We break away from the traditional practice of treating the123
PC for all users identically—instead, we divide the users124
into two different groups to be considered separately,125
namely, center users subjected to a slight PC and the edge126
users suffering from more severe PC. This way, the center127
users can benefit directly from the LS-MIMO technology,128
and the efforts can be directed toward improving the QoS129
for the edge users.130
• In contrast to the FFR scheme, which assigns orthogonal131
frequency bands to the edge users in adjacent cells, the132
proposed SPR scheme divides the pilot types into two133
groups within the same frequency band, i.e., in a cen-134
ter pilot group, which is reused for the center users in135
all cells, and in an edge pilot group, which is applied136
for the edge users in adjacent cells. Thus, for the edge137
users, the accuracy of the channel estimation is improved,138
and the UL achievable rate is increased. Moreover, by 139
using slightly more pilot resources for edge users, the 140
BS becomes capable of estimating not only the intracell 141
channels of the users within the reference cell but the 142
knowledge of the “intercell channels” of the edge users 143
in the adjacent cells as well. 144
• Different from the original CoMP technique that has to 145
obtain the intercell channels by consuming large over- 146
head [9], [10], the proposed MBD precoding can directly 147
exploit the partial knowledge of the intercell channels 148
and is capable of suppressing the ICI imposed on the 149
edge users of the adjacent cells. Specifically, by extending 150
the classical BD TPC to a multicell scenario, the MBD 151
TPC projects the DL transmit signal onto the null space 152
of the subspace spanned by the partially known intercell 153
channels. Thus, the ICI imposed on the edge users of the 154
adjacent cells can be substantially mitigated; hence, the 155
QoS of the edge users is significantly enhanced. 156
• To analyze the performance of our proposal, we compare 157
the associated pilot requirements, derive the attainable 158
average UL and DL rates, and characterize the compu- 159
tational complexity imposed. Our theoretical derivation 160
confirms that both the achievable UL and DL rates of the 161
edge users are significantly improved at the cost of requir- 162
ing slightly more pilots. Moreover, our simulation results 163
show that the average UL and DL cell throughputs in the 164
SPR- and MBD-aided system are able to approach and 165
even exceed that of the conventional system, provided that 166
a modestly increased number of BS AEs are affordable. 167
The rest of this paper is organized as follows. In Section II, 168
we briefly review the multicell LS-MIMO system model, 169
whereas Section III is devoted to detailing the PC, which is 170
the main performance-limiting factor of LS-MIMO systems. 171
Section IV further details the motivation of this paper, whereas 172
the proposed SPR scheme and the MBD precoding are dis- 173
cussed in Section V. Section VI provides our performance 174
analysis of the proposed SPR scheme and MBD precoding. Our 175
simulation results quantifying the benefits of our proposals are 176
presented in Section VII, whereas our conclusions follow in 177
Section VIII. 178
Throughout our discussions, boldface lower and uppercase 179
symbols represent vectors and matrices, respectively. The trans- 180
pose, conjugate, and Hermitian transpose operators are given 181
by (·)T , (·)∗, and (·)H , respectively. The Moore–Penrose pseu- 182
doinverse operator is denoted by (·)†, and the trace operator 183
is represented by Tr(·), whereas diag{a1, a2, . . . , am} denotes 184
the diagonal matrix associated with a1, a2, . . . , am at its diag- 185
onal entries, and the M ×M identity matrix is given by IM . 186
The number of elements in a set is denoted by card{·}, and the 187
lp norm is denoted by ‖ · ‖p, whereas the expectation operator 188
is given by E{·}. 189
II. SYSTEM MODEL 190
A multicell multiuser LS-MIMO system is illustrated in 191
Fig. 1, which is composed of L hexagonal cells, each having 192
a central BS associated with M antennas to serve K (K  M) 193
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Fig. 1. Multiuser multicell LS-MIMO system.
single-antenna users [1], [2]. The channel vector hi,j,k ∈ CM×1194
of the link spanning from the kth user of the jth cell to the BS195
of the ith cell can be formulated as196
hi,j,k = gi,j,k
√
βi,j,k. (1)
The small-scale fading vectors gi,j,k ∈ CM×1 are statistically197
independent for the K users, and they obey the complex-198
valued Gaussian distribution having a zero-mean vector and199
a covariance matrix IM ; hence, we have gi,j,k ∼ CN (0, IM ).200
Still referring to (1), the large-scale fading coefficients βi,j,k201
are the same for the different antennas at the same BS, but they202
are user dependent. Moreover, they are related to both the path203
loss and shadow fading, which will be addressed in detail in204
the context of our simulations. Thus, the channel matrix of all205
the K users in the jth cell and the BS in the ith cell can be206
represented by207
Hi,j = [hi,j,1 hi,j,2, . . . ,hi,j,K ]
= [gi,j,1 gi,j,2, . . . ,gi,j,K ]D
1
2
i,j (2)
where Di,j = diag(βi,j,1, βi,j,2, . . . , βi,j,K) denotes the large-208
scale fading matrix relating all the K users in the jth cell to the209
ith cell’s BS.210
By adopting the TDD protocol, the BS obtains the DL211
channel estimate by exploiting the reciprocity of the UL and DL212
channels. More specifically, both the small-scale fading vectors213
and the large-scale fading coefficients may be deemed to be214
equal for both the DL and UL directions, provided that the215
bandwidth is sufficiently narrow for avoiding the independent216
fading of the DL and the UL.217
Before considering the PC phenomenon, we summarize218
the asymptotic orthogonality on random vector [1]. Let219
x,y ∈ CM×1 be two independent vectors with distribution220
CN (0, cIM ). Then, from the law of large numbers, we have221
lim
M→∞
xHx
M
a.s.−→ c, lim
M→∞
xHy
M
a.s.−→ 0 (3)
where a.s.−→ denotes the almost sure convergence.222
III. PILOT CONTAMINATION223
By considering the TDD protocol, we adopt the widely used224
block-fading channel model, whereby the channel vectors hi,j,k225
remain constant during the channel’s coherence interval. As226
shown in Fig. 2, each coherence interval is composed of four227
Fig. 2. Multiuser multicell MIMO TDD protocol.
stages for each user [12]: 1) UL data transmission; 2) UL pilot 228
transmission; 3) BS processing; and 4) DL data transmission. 229
At the first stage, all users in all cells synchronously 230
send UL data to their corresponding BSs, and the user 231
data received at the BS in the ith cell can be represented 232
as yui =
√
ρu
∑L
j=1
∑K
k=1 hi,j,kx
u
j,k + n
u
i , where xuj,k with 233
E{|xuj,k|2} = 1 denotes the symbol transmitted from the kth 234
user roaming in the jth cell, ρu represents the UL data trans- 235
mission power, and nui ∈ CM×1 denotes the corresponding 236
UL channel’s additive Gaussian white noise (AWGN) vector 237
associated with E{nui (nui )H} = (σun)2IM . 238
For a typical LS-MIMO system, the pilot sequences used 239
within a specific cell are orthogonal, but the same pilot group 240
is typically reused in the adjacent cells due to the limited 241
number of orthogonal pilot sequences. Thus, during the second 242
stage, the matrix of pilot sequences received at the BS of 243
the ith cell, which is denoted by Ypi ∈ CM×τ , can be rep- 244
resented as Ypi =
√
ρp
∑L
j=1Hi,jΦ+N
p
i , where the matrix 245
Φ = [φ1 φ2, . . . ,φK ]
T ∈ CK×τ containing the transmitted 246
pilot sequence satisfies ΦΦH = IK , ρp is the transmission 247
power of the pilots, and Npi ∈ CM×τ denotes the UL channel’s 248
AWGN matrix. 249
During the third stage, the BS of the ith cell obtains an 250
estimate of the channel matrix Hi,i using any conventional 251
channel estimation method by directly correlating the received 252
pilot matrix with the local pilot matrix, yielding 253
Ĥi,i =
1√
ρp
Ypi Φ
H = Hi,i +
∑
j 
=i
Hi,j +
1√
ρp
NpiΦ
H . (4)
It can readily be seen that the channel estimate of the kth 254
user in the ith cell, namely, ĥi,i,k, is a linear combination of 255
the channels hi,j,k for 1 ≤ j ≤ L, which include the channels 256
of the users in the other cells associated with the same pilot 257
sequence. This phenomenon is referred to as PC [1]–[3]. Given 258
the estimated channel matrix Ĥi,i and by adopting the low- 259
complexity MF detector, the detected symbol arriving from the 260
kth user in the ith cell can be represented as 261
x̂ui,k = ĥ
H
i,i,ky
u
i
=
√
ρu
⎛⎝hHi,i,khi,i,kxui,k +∑
j 
=i
hHi,j,khi,j,kx
u
j,k
⎞⎠+ εui,k
(a)≈ M√ρu
⎛⎝βi,i,kxui,k +∑
j 
=i
βi,j,kx
u
j,k
⎞⎠ (5)
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where vi,k denotes the kth column of (1/
√
ρp)N
p
iΦ
H
, εui,k262
represents the interference, which can be reduced to an arbi-263
trarily low level by increasing the number of transmit antennas264
M at the BS, and
(a)≈ indicates that the approximation holds265
by invoking the asymptotic orthogonality associated with M →266
∞. Thus, the UL signal-to-interference-plus-noise ratio (SINR)267
of the kth user in the ith cell can be calculated as268
SINRui,k =
∣∣∣hHi,i,khi,i,k∣∣∣2∑
j 
=i
∣∣∣hHi,j,khi,j,k∣∣∣2 + ∣∣∣εui,k∣∣∣2 /ρu
(a)≈ β
2
i,i,k∑
j 
=i β
2
i,j,k
(6)
and the achievable UL rate can be expressed as Cui,k = (1 −269
μ)E{log2(1 + SINRui,k)}, where 0 < μ < 1 evaluates the spec-270
tral efficiency reduction caused by the pilot transmission [24].271
It is clear that the UL achievable rate remains limited by the272
PC and it cannot be increased by simply assigning an increased273
transmission power and/or pilot power, i.e., by increasing ρu274
and/or ρp.275
The PC affects the DL transmission during the fourth stage276
as well. The normalized MF precoding matrix [3] is com-277
monly used for the DL transmission, which can be repre-278
sented by Wi = (1/
√
γi)Ĥ
∗
i,i, where γi = Tr(ĤTi,iĤ∗i,i)/K279
is a normalization factor. The BS in the ith cell transmits280
an M -dimensional signal vector as sdi = Wixdi , where xdi =281
[xdi,1 x
d
i,2, . . . , x
d
i,K ]
T
with E{|xdi,k|2} = 1 denotes the source282
symbol vector for the K users in the ith cell. The received283
signals of the K users in the ith cell can be collected to-284
gether as ydi =
√
ρd
∑L
j=1H
T
j,i(1/
√
γj)Ĥ
∗
j,jx
d
j + n
d
i , where285
ndi denotes the DL channel AWGN vector associated with286
E{ndi (ndi )H} = (σdn)2IM . Similar to the derivation shown in287
(6), the DL SINR of the kth user in the ith cell can be derived as288
SINRdi,k =
∣∣∣hTi,i,kh∗i,i,k∣∣∣2∑
j 
=i
∣∣∣hTj,i,kh∗j,i,k∣∣∣2 + ∣∣∣εdi,k∣∣∣2 /ρd
(a)≈ β
2
i,i,k∑
j 
=i β
2
j,i,k
(7)
where εdi,k denotes the corresponding interference similar to289
εui,k given in (5). The corresponding DL rate can be represented290
as Cdi,k = (1 − μ)E{log2(1 + SINRdi,k)}.291
In summary, the PC caused by the reuse of the same orthogo-292
nal pilot group in adjacent cells cannot be reduced by increasing293
the number of antennas at the BS; hence, it limits the achievable294
performance of multicell multiuser LS-MIMO systems.295
IV. MOTIVATION OF OUR PROPOSAL296
In the existing state-of-the-art solutions [7], [8], [11]–[21],297
which aim for reducing the PC, all users are treated identically.298
However, according to (6) and (7), it becomes clear that the299
attainable SINR is proportional to the large-scale fading coef-300
Fig. 3. Illustrative example of the user division.
ficients β2i,i,k, which are different for the K users of each cell. 301
Thus, we have to break away from this traditional concept of 302
treating the PC for all users identically, which motivates our 303
idea of dividing the users of each cell into two groups, namely, 304
the group of center users subjected to modest PC and the group 305
of edge users suffering from severe PC. We will treat them 306
differently. 307
In fact, the limit of the UL SINR of the kth user in the ith 308
cell, which is defined by 309
ηi,k =
β2i,i,k∑
j 
=i β
2
i,j,k
(8)
specifies the severity of the PC for this user. Therefore, it is 310
easy to sort the users in a cell according to their SINR values 311
ηi,k, if all the large-scale fading coefficients {β2i,j,k} are known 312
at the BS, which is a key assumption stipulated in the state-of- 313
the-art contributions [6], [11], [18]. However, in practice, it is 314
difficult for the BS to obtain an accurate estimate of the large- 315
scale fading coefficients of the users in other cells, i.e., of β2i,j,k 316
for j 
= i, unless BS cooperation is invoked, which is typically 317
associated with a substantial side-information overhead. 318
Since we have ηi,k ∝ β2i,i,k, we may also use β2i,i,k for 319
estimating the severity of the PC for the kth user roaming in 320
the ith cell. In contrast to β2i,j,k for j 
= i, all the large-scale 321
fading coefficients {β2i,i,k} of the K users in the ith cell can be 322
readily obtained. Thus, the K users in the ith cell can be readily 323
divided into two groups according to 324
β2i,i,k
?
> ρi →
{
Yes → center users
No → edge users. (9)
The user-grouping threshold ρi can be set to 325
ρi =
λ
K
K∑
k=1
β2i,i,k (10)
where λ can be adjusted according to the specific system 326
configuration. A simple case is illustrated in Fig. 3, where, 327
according to the large-scale fading coefficients {β2i,i,k} and 328
the given threshold ρi, the users are divided into two groups, 329
namely, the center users associated with only a slight PC and 330
the edge users subjected to severe PC. Note that the threshold 331
ρi is not based on the geographic locations of the users—it is 332
rather based on the signal space of {β2i,i,k}. 333
Since the center users only suffer from minor PC, the conven- 334
tional LS-MIMO scheme outlined earlier is capable of attaining 335
a high performance. By contrast, the edge users suffer from 336
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serious PC; hence, their performance based on the conventional337
LS-MIMO scheme is expected to be poor. To enhance the QoS338
of the edge users, who suffer from heavy PC, we propose the339
more sophisticated SPR scheme and MBD precoding in the340
following.341
V. PROPOSED SOFT PILOT REUSE SCHEME AND342
MULTICELL BLOCK DIAGONALIZATION PRECODING343
Based on the division of users into two groups as outlined in344
Section IV, it is plausible that the center users indeed benefit345
from the conventional LS-MIMO technique. By contrast, im-346
proved measures have to be considered for enhancing the QoS347
of the edge users, such as our SPR and MBD schemes, which348
will be discussed in detail in the following.349
A. Proposed Soft Pilot Reuse Scheme350
Inspired by the FFR scheme, which assigns orthogonal fre-351
quency bands to edge users in adjacent cells to prevent serious352
ICI in 3GPP LTE Release 9, we propose the SPR scheme353
to mitigate the PC, whereby orthogonal pilot subgroups are354
assigned to the edge users in the adjacent cells, whereas a center355
pilot group is reused for the center users of all cells.356
More specifically, consider a typical LS-MIMO system,357
which is composed of L hexagonal cells, where the ith cell358
supports Ki users. In the conventional LS-MIMO scheme359
[1]–[3], the number of orthogonal pilot sequences required can360
be calculated as361
KCS = max{Ki, i = 1, 2, . . . , L}. (11)
In contrast to the conventional LS-MIMO scheme, where all362
users are treated identically, the Ki users of the ith cell are first363
divided into two groups according to their large-scale fading364
coefficients {β2i,i,k}, which have cardinalities of365
Ki = Ki,c +Ki,e (12)
where Ki,c = card{k : β2i,i,k > ρi} denotes the number of366
center users, whereas Ki,e = card{k : β2i,i,k ≤ ρi} represents367
the number of edge users. Thus, the number of orthogonal368
pilot sequences needed in the proposed SPR scheme can be369
calculated as370
KSPR = Kc +Ke (13)
where Kc = max{Ki,c, i = 1, 2, . . . , L} denotes the number371
of pilot sequences assigned to the center users, whereas372
Ke =
∑L
i=1Ki,e denotes the number of pilot sequences dedi-373
cated to the edge users. It should be pointed out that we assume374
having L cooperating cells; thus, L is a moderate value. For ex-375
ample, we have L = 7 for the classic seven-cell system. Then,376
the entire set of pilot resources ΦSPR ∈ CKSPR×τ associated377
with ΦSPRΦHSPR = IKSPR can be divided into378
ΦSPR =
[
ΦTc Φ
T
e
]T (14)
Fig. 4. Example of the proposed SPR scheme.
where Φc ∈ CKc×τ is reused for the center users in all cells, 379
and Φe ∈ CKe×τ is applied to the edge users of the adjacent 380
cells. Furthermore, Φe can be divided into L partitions, as 381
Φe =
[
ΦTe,1 Φ
T
e,2, . . . ,Φ
T
e,L
]T (15)
where Φe,i ∈ CKi,e×τ is applied to the Ki,e edge users in the 382
ith cell. Thus, the pilot sequences applied to edge users are 383
orthogonal to those of the other users roaming in the adjacent 384
cells. 385
In the example in Fig. 4, there are three hexagonal cells 386
associated with K1 = 4, K2 = 5, and K3 = 6 users. To com- 387
pletely eliminate the PC would require 15 orthogonal pilot 388
sequences. It can be readily calculated that we have KCS = 6 389
and KSPR = 8 for this simple case. Although the proposed SPR 390
scheme requires slightly more pilot resources than the conven- 391
tional scheme, the QoS of the edge users can be significantly 392
improved, which will be verified in the following. 393
B. Channel Estimation Based on Soft Pilot Reuse 394
By applying the proposed SPR scheme, the BS becomes 395
capable of estimating the channels for its edge users in the 396
absence of PC, since the pilot sequences assigned to the edge 397
users are all orthogonal. Moreover, the BS can also obtain the 398
partial knowledge of the intercell channels of the edge users in 399
adjacent cells, which is the dominant source of the ICI inflicted 400
upon these edge users of the adjacent cells during the BS’s DL 401
transmissions. 402
Specifically, we consider the same LS-MIMO system as in 403
Section V-A, which is composed of L hexagonal cells, where 404
the ith cell has Ki users. Based on the proposed SPR scheme, 405
we divide the channel matrix Hi,j as defined in (2) into two 406
parts, i.e., 407
Hi,j →
[
Hci,j H
e
i,j
] (16)
where Hci,j ∈ CM×Kj,c denotes the channel matrix of the link 408
spanning from the center users in the jth cell to the BS in the 409
ith cell, whereas Hei,j ∈ CM×Kj,e denotes the channel matrix 410
of the link spanning from the edge users in the jth cell to the 411
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BS in the ith cell. Then, the pilot sequence received at the BS412
of the ith cell can be represented by413
Y
p
i =
√
ρp
⎛⎝ L∑
j=1
Hci,jΦc (r : Kj,c)+
L∑
j=1
Hei,jΦe,j
⎞⎠+Npi
(17)
where Φc(r : Kj,c) denotes the submatrix composed of the414
first Kj,c rows of Φc, whereas N
p
i denotes the corresponding415
AWGN matrix at the UL receiver.416
Then, the BS becomes capable of estimating the channel of417
its center users as418
Ĥci,i =
1√
ρp
Y
p
iΦ
H
c (r : Ki,c)
=Hci,i +
∑
j 
=i
Hci,j (c : Ki,c) +N
c
i (18)
where Nci = (1/
√
ρp)N
p
iΦ
H
c (r : Ki,c), which can be reduced419
to an arbitrarily small value by increasing M , and Hci,j(c :420
Ki,c) denotes the matrix composed of the first Ki,c columns421
of Hci,j . Note that, if we have Ki,c > Kj,c, then Ki,c −Kj,c422
zero vectors are used to fill Hci,j(c : Ki,c). In contrast to the423
conventional scheme of (4), the proposed scheme only allows424
the center users to reuse the same pilot group of Φc, since the425
PC imposed on these center users is modest. Consequently,426
the severity of the PC inflicted upon the channel estimation of427
the center users given in (18) is minor.428
On the other hand, by adopting the proposed SPR scheme,429
the BS of the ith cell becomes capable of acquiring the channel430
estimate of its edge users without excessive PC, yielding431
Ĥei,i =
1√
ρp
Y
p
iΦ
H
e,i = H
e
i,i +N
e
i (19)
where we have Nei = (1/
√
ρp)N
p
iΦ
H
e,i, which can be made432
arbitrarily small by increasing the number of antennas at the433
BS. It is clear that the PC is completely eliminated for these434
edge users, and therefore, the channel estimation accuracy of435
these edge users is significantly enhanced. By contrast, with the436
conventional scheme, these edge users suffer from grave PC,437
and hence, their channel estimates have extremely poor quality,438
which severely limits the achievable UL detection performance.439
With the aid of the proposed SPR scheme, the full channel440
estimate at the BS of the ith cell is then given by441
Ĥi,i =
[
Ĥci,i Ĥ
e
i,i
]
(20)
which is significantly more accurate than that of the conven-442
tional channel estimation scheme of (4). Thus, given this more443
accurate channel estimate, the UL achievable rate of the edge444
users can be significantly increased, which will be analyzed in445
detail in Section VI.446
Moreover, since the edge users of the adjacent cells rely on447
orthogonal pilot sequences, a BS can also acquire the partial448
intercell channels for the edge users of the adjacent cells.449
Specifically, by correlating the received pilot matrix Ypi with450
Φe,j , the BS of the ith cell becomes capable of acquiring the451
partial intercell channels from the edge users in the jth cell 452
without PC, as follows: 453
Ĥei,j =
1√
ρp
Y
p
iΦ
H
e,j = H
e
i,j +N
e
i,j , j 
= i (21)
where Nei,j = (1/
√
ρp)N
p
iΦ
H
e,j can be rendered arbitrarily 454
small upon increasing M . Thus, the BS of the ith cell becomes 455
capable of accurately estimating all the partial intercell chan- 456
nels of the links spanning from the edge users of the adjacent 457
cells, which comprises an estimate of the intercell channel 458
matrix Ai ∈ C(Ke−Ki,e)×M as 459
Âi =
[
Ĥei,1, . . . , Ĥ
e
i,i−1 Ĥ
e
i,i+1, . . . , Ĥ
e
i,L
]T
. (22)
For instance, in the simple example depicted in Fig. 4, the BS 460
in the first cell is able to acquire the accurate channel estimates 461
of both its edge user and of the partial intercell channels of the 462
edge users in two adjacent cells. The intercell channel matrix 463
Ai provides important information for the DL TPC design. 464
Armed with its accurate estimate Âi, the BS of the ith cell 465
will be able to beneficially preprocess its transmissions for the 466
sake of reducing the ICI inflicted upon its neighboring edge 467
users roaming in the adjacent cells, which is the topic in the 468
following. 469
C. Multicell Block Diagonalization Precoding 470
By selecting the TPC vector for a specific user from the 471
null space spanned by the channels of other users, the classical 472
BD TPC scheme [23] adopted in single-cell multiuser MIMO 473
systems is capable of eliminating the multiuser interference. 474
Armed with the estimate of the partial intercell channels, we 475
propose the MBD TPC by extending the classical BD TPC to 476
a multicell multiuser scenario. Specifically, by projecting the 477
DL transmit signal onto the null space of the subspace spanned 478
by the intercell channels, the proposed MBD TPC becomes 479
capable of eliminating the ICI imposed on these edge users. 480
To obtain the null space of the intercell channels, we first 481
apply the classic singular value decomposition (SVD) [22] to 482
the intercell channel matrix Âi, yielding 483
Âi = UiΣiV
H
i (23)
where Ui ∈ C(Ke−Ki,e)×(Ke−Ki,e) denotes the left singular 484
vector matrix, Vi ∈ CM×M denotes the right singular vector 485
matrix, and Σi ∈ C(Ke−Ki,e)×M is composed of the singular 486
values as 487
Σi =
[
Σ̂i 0ri×(M−ri)
0(Ke−Ki,e−ri)×ri 0(Ke−Ki,e−ri)×(M−ri)
]
(24)
in which ri = rank(Âi) is the rank of Âi, Σ̂i = diag{σi,1, 488
σi,2, . . . , σi,ri}, and the singular values satisfy 489
σi,1 ≥ σi,2 ≥, . . . ,≥ σi,ri > 0. (25)
According to the properties of full SVD, the null space of the 490
intercell channels, namely, Null(Âi) ⊆ CM , can be spanned 491
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by the columns of the matrix Bi ∈ CM×(M−ri), which is a492
submatrix of Vi defined by493
Bi = [vi,ri+1 vi,ri+2, . . . ,vi,M ] (26)
where vi,j denotes the jth column of Vi. Note that the exis-494
tence of this null space is guaranteed owing to the fact that the495
number of antennas at the BS of LS-MIMO systems is much496
larger than that of the edge users, i.e., we have497
M  Ke ≥ Ke −Ki,e ≥ ri. (27)
The large null space of the intercell channels indicates that,498
for any TPC matrix chosen from this null space, i.e., ∀Wi ⊂499
Null(Âi), we have500
ÂiWi = 0 ⇒
(
Ĥei,j
)T
Wi = 0 ∀ j 
= i (28)
which means that this TPC matrix calculated for the ith cell501
is capable of eliminating the ICI inflicted upon the edge users502
roaming in the adjacent cells. It is plausible, however, that503
a precoding matrix, which is randomly chosen from the null504
space Null(Âi) may cause severe intracell interference. To505
avoid the deleterious effects of intracell interference, we project506
a conventional TPC matrix onto this null space.507
For example, by projecting this conventional MF precoding508
matrix WMFi = (1/
√
γMFi )Ĥ
∗
i,i onto the null space Null(Âi),509
we can generate the MF-based MBD matrix as510
WMFMBDi =
1√
γMFMBDi
PBiĤ
∗
i,i (29)
where PBi = BiB
†
i denotes the projection operator based on511
the matrix Bi, and γMFMBDi is a normalization factor given by512
γMFMBDi =
1
Ki
Tr
(
ĤTi,iP
H
Bi
PBiĤ
∗
i,i
)
=
1
Ki
Tr
(
ĤTi,iPBiĤ
∗
i,i
)
(30)
in which PHBi = PBi and PBiPBi = PBi are applied.513
Similarly, by projecting the conventional ZF TPC matrix514
onto the null space Null(Ai), we can generate the ZF-based515
MBD matrix as516
WZFMBDi =
1√
γZFMBDi
((
P∗BiĤi,i
)T)†
=
1√
γZFMBDi
PBiĤ
∗
i,i
(
ĤTi,iP
H
Bi
PBiĤ
∗
i,i
)−1
=
1√
γZFMBDi
PBiĤ
∗
i,i
(
ĤTi,iPBiĤ
∗
i,i
)−1
(31)
where the normalization factor γZFMBDi is calculated as517
γZFMBDi =
1
Ki
Tr
(
ĤTi,iP
H
Bi
PBiĤ
∗
i,i
)−1
=
1
Ki
Tr
(
ĤTi,iPBiĤ
∗
i,i
)−1
. (32)
Fig. 5. Illustrative example of the MBD precoding scheme.
Both the precoding matrices WMFMBDi and WZFMBDi are 518
capable of eliminating the ICI imposed on the edge users 519
of the adjacent cells. An illustrative example is depicted in 520
Fig. 5, where, based on the proposed SPR scheme, the BS 521
becomes capable of estimating the partial intercell channels 522
of the edge users roaming in the adjacent cells. The MBD 523
TPC then projects the DL transmission signal onto the null 524
space of the partial intercell channels to eliminate the ICI 525
contaminating the reception of these edge users in the adjacent 526
cells. Therefore, the MBD TPC significantly increases the DL 527
achievable rate of edge users, and consequently, the QoS of 528
edge users is considerably enhanced. 529
VI. PERFORMANCE ANALYSIS 530
Before we investigate the performance of the proposed SPR 531
and MBD schemes, we first discuss the amount of pilot re- 532
sources required, then derive both the UL and DL achiev- 533
able rates, and, finally, consider the computational complexity 534
imposed. 535
A. Pilot Resource Consumption 536
As seen in (11), the conventional scheme requires KCS = 537
max{Ki, 1 ≤ i ≤ L} number of orthogonal pilot sequences, 538
and it suffers from grave PC. Again, to eliminate the PC caused 539
by the reuse of the same pilot group in adjacent cells, the most 540
plausible solution is to apply orthogonal pilot sequences to 541
all users in all cells. However, the number of orthogonal pilot 542
sequences would be increased to 543
KOS =
L∑
i=1
Ki (33)
which leads to a substantial spectral efficiency reduction. 544
Recall that the proposed SPR and MBD schemes are capable 545
of enhancing the QoS for edge users at the expense of a slightly 546
increased number of pilot resources. More specifically, by 547
comparing (11) and (13), the additional pilot resources required 548
by the proposed SPR scheme can be derived as 549
KSPR −KCS =
∑
i
=i0
Ki,e ≤
L∑
i=1
Ki,e (34)
where i0 denotes the index of the cell that has the most users, 550
i.e., Ki0 = KCS. It is clear that the additional number of pilot 551
sequences is close to the total number of the edge users. Since 552
the edge users are classified according to the threshold ρi, 553
which can be adjusted by the parameter λ, the number of edge 554
users can be also flexibly adjusted. 555
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More explicitly, the careful choice of the parameter λ pro-556
vides a flexible tradeoff between the pilot resources required557
and the achievable system performance of the proposed SPR558
scheme. At one extreme end, when the parameter λ is set559
to 0, all the users will be regarded as edge users, and the560
proposed SPR scheme becomes equivalent to the orthogonal561
scheme, where all users in all cells use orthogonal pilot se-562
quences. Naturally, this achieves the best performance but relies563
on the most pilot resources, requiring KOS orthogonal pilot564
sequences. At the other extreme, when the parameter λ is565
set to a sufficiently large value, e.g., λ = KCS, then all users566
are regarded as center users, and the proposed SPR scheme567
degrades to the conventional scheme that reuses the same pilot568
group in all cells. Hence, the resultant arrangement attains the569
worst performance but consumes the minimum pilot resources,570
hence requiring only KCS orthogonal pilot sequences.571
B. Uplink Transmission572
For the center users, the average SINR performance of573
SPR-aided UL transmission becomes almost the same as that574
of applying the conventional scheme. This is because, for the575
center users in a cell, the estimated channel matrix of (4)576
obtained by applying the conventional scheme is very similar to577
that of (18) obtained by applying the SPR scheme. However, the578
achievable rate of the center users of the SPR-aided UL trans-579
mission is slightly reduced, since the pilot overhead increases,580
i.e., μ → (KSPR/KCS)μ. On the other hand, the performance581
of UL transmission for the edge users is much more complex,582
as shown in the following.583
Similar to the received signal given in Section III based on584
the conventional scheme, the received signal at the BS of the585
ith cell based on the SPR scheme can be represented as586
yui =
√
ρu
L∑
j=1
(
Hci,jx
u,c
j +H
e
i,jx
u,e
j
)
+ nui (35)
where xu,cj = [x
u,c
j,1 x
u,c
j,2 , . . . , x
u,c
j,Kj,c
]
T denotes the symbol vec-587
tor transmitted from the Kj,c center users in the jth cell, xu,ej =588
[xu,ej,1 x
u,e
j,2 , . . . , x
u,e
j,Kj,e
]
T is the symbol vector transmitted from589
the Kj,e edge users in the jth cell, and nui denotes the corre-590
sponding UL AWGN vector.591
By adopting the MF detector based on the channel estimation592
obtained by the SPR scheme for the edge users in the ith cell,593
i.e., Ĥei,i of (19), the detected symbol vector for the Ki,e users594
in the ith cell is given by595
x̂u,ei =
(
Ĥei,i
)H
yui
=
(
Hei,i+N
e
i
)H⎛⎝√ρu L∑
j=1
(
Hci,jx
u,c
j +H
e
i,jx
u,e
j
)
+nui
⎞⎠
=
√
ρu
(
Hei,i
)H
Hei,ix
u,e
i +η
u,e
i
(a)≈M√ρuDei,ixu,ei (36)
where Dei,i = diag{βei,i,1, βei,i,2, . . . , βei,i,Ki,e} denotes the sub-596
diagonal matrix of Di,i consisting of the Ki,e edge users’ large-597
scale fading coefficients, and ηu,ei = [η
u,e
i,1 η
u,e
i,2 , . . . , η
u,e
i,Ki,e
]
T 598
denotes the interference, which can be made arbitrarily small 599
by increasing the number of antennas at the BS. In particular, 600
for the kth edge user in the ith cell, the detected symbol is 601
given by 602
x̂u,eik =
√
ρu
(
hei,i,k
)H
hei,i,kx
u,e
i,k + μ
u,e
i,k + η
u,e
i,k
(a)≈ M√ρuβei,i,kxu,ei,k (37)
where μu,ei,k =
√
ρu
∑
k′ 
=k (h
e
i,i,k)
Hhei,i,k′x
u,e
i,k′ is the intracell 603
interference arriving from the other edge users in the same 604
cell, which can be rendered arbitrarily small by increasing M . 605
Similar to the derivation in (6), the UL SINR of the kth edge 606
user in the ith cell can be calculated as 607
SINRu,ei,k = ρu
∣∣∣∣(hei,i,k)H hei,i,k∣∣∣∣2∣∣∣μu,ei,k ∣∣∣2 + ∣∣∣ηu,ei,k ∣∣∣2 (38)
and the achievable UL rate can be calculated as Cu,ei,k = (1 − 608
(KSPR/KCS)μ)E{log2(1 + SINRu,ei,k )}. Note that, unlike the 609
result of the conventional scheme given in (6), SINRu,ei,k in- 610
creases as M increases, and in the asymptotic case of M → ∞, 611
we have SINRu,ei,k → ∞. 612
In summary, in contrast to the conventional scheme, which 613
is unable to remove the PC by simply increasing the number of 614
antennas at the BS M , for the edge users, we eliminated the PC 615
imposed on the UL data transmission, and consequently, the UL 616
achievable rate is significantly improved. Similar results can be 617
obtained if we adopt the ZF detector for UL transmission in 618
our proposal, and the ZF detector outperforms the MF detector, 619
which will be verified by our numerical results. 620
C. Downlink Transmission 621
Similar to the analysis of the UL transmission, here, we focus 622
our attention on the DL transmission of the edge users in our 623
proposal. 624
By adopting the MFMBD precoding matrix as derived in 625
(29), the received signal vector of the Ki,e edge users in the 626
ith cell can be represented as 627
yd,ei =
√
ρd
L∑
j=1
(
Hej,i
)T
WMFMBDj
[
xd,cj
xd,ej
]
+ nd,ei
=
√
ρd
L∑
j=1
1√
γMFMBDj
(
Hej,i
)T
BjB
†
jĤ
∗
j,j
[
xd,cj
xd,ej
]
+nd,ei
≈
√
ρd
γMFMBDi
(
Hei,i
)T
BiB
†
iĤ
∗
i,i
[
xd,ci
xd,ei
]
+ nd,ei (39)
where xd,cj = [x
d,c
j,1 x
d,c
j,2 , . . . , x
d,c
j,Kj,c
]T are the symbols trans- 628
mitted to the Kj,c center users in the jth cell, xd,ej = 629
[xd,ej,1 x
d,e
j,2 , . . . , x
d,e
j,Kj,e
]
T
are the symbols destined for the Kj,e 630
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edge users in the jth cell, nd,ei = [n
d,e
i,1 n
d,e
i,2 , . . . , n
d,e
i,Ki,e
]
T
de-631
notes the corresponding DL AWGN vector, and the approxima-632
tion ≈ holds as we apply Ĥej,i ≈ Hej,i and (Ĥej,i)
T
Bj = 0 for633
j 
= i [see (28)].634
Thus, for the kth edge user in the ith cell, the received symbol635
can be represented as636
yd,ei,k ≈
√
ρd
γMFMBDi
(
hei,i,k
)T
BiB
†
i
(
hei,i,k
)∗
xd,ei,k+μ
d,e
i,k+n
d,e
i,k
(40)
where the intracell interference μd,ei,k is given by637
μd,ei,k =
√
ρd
γMFMBDi
⎛⎝Ki,c∑
k′=1
(
hei,i,k
)T
BiB
†
i
(
hci,i,k′
)∗
xd,ci,k′
+
∑
k′ 
=k
(
hei,i,k
)T
BiB
†
i
(
hei,i,k′
)∗
xd,ei,k′
⎞⎠ . (41)
Both nd,ei,k and μ
d,e
i,k can be made arbitrarily small by increasing638
the number of antennas at the BS. The DL SINR of the kth edge639
user in the ith cell can be then calculated as640
SINRd,ei,k ≈
ρd
γMFMBDi
·
∣∣∣∣(hei,i,k)T BiB†i (hei,i,k)∗∣∣∣∣2∣∣∣μd,ei,k ∣∣∣2 + ∣∣∣nd,ei,k ∣∣∣2 (42)
and the achievable DL rate can be calculated as Cd,ei,k = (1 −641
(KSPR/KCS)μ)E{log2(1 + SINRd,ei,k )}. In contrast to the re-642
sult of the conventional scheme given in (7), SINRd,ei,k increases643
as M increases and in the asymptotic case of M → ∞; hence,644
we have SINRd,ei,k → ∞.645
It is clear that, for the edge users, the PC is eliminated646
by our proposed scheme during the DL data transmission,647
and additionally, both the ICI and the intracell interference648
imposed on these edge users have been reduced by the MBD649
scheme. Similar results can be obtained if we adopt the ZF-650
based MBD TPC matrix, i.e., WZFMBDi , for DL transmission651
in our proposal.652
Taking into account the extra pilot resource, the achievable653
DL rate of the edge users has been significantly improved,654
whereas that of the center users is slightly reduced. Moreover,655
the average UL and DL cell throughputs of the SPR- and MBD-656
assisted system will be confirmed later by our simulation study.657
D. Computational Complexity658
The computational complexity of implementing the MBD659
scheme at the BS for the edge users will be quantified in terms660
of the number of complex-valued multiplications required,661
which includes the following two main contributions.662
1) For the SVD operator, the complexity is on the order663
of MK2e , which is denoted by O(MK2e ), which allows664
us to calculate Âi = UiΣiVHi by using the QR de-665
composition.666
TABLE I
BASIC SIMULATION PARAMETERS
2) For the matrix pseudoinverse operation, the complexity 667
is on the order of O(MK2CS), which allows us to gen- 668
erate the ZF-based MBD precoding matrix by using the 669
Gram–Schmidt algorithm. 670
The total computational complexity of implementing the 671
MBD scheme at the BS is therefore on the order of O(M(K2e + 672
K2CS)), which is comparable with that of the conventional 673
scheme, and it is within the computational capability of a 674
typical state-of-the-art BS. 675
VII. SIMULATION STUDY 676
We evaluated the performance of the proposed SPR and 677
MBD schemes using a set of Monte Carlo simulations. A typ- 678
ical hexagonal cellular network of Ltotal cells was considered, 679
where the BS of each cell employed M AEs, and the ith cell 680
had Ki single-AE users [2], [25], [26]. The default values of the 681
various parameters of this simulated hexagonal cellular network 682
are summarized in Table I. The large-scale fading coefficient 683
βi,j,k was generated according to [2] 684
βi,j,k =
zi,j,k
(ri,j,k/R)α
(43)
where R denotes the cell radius, and α is the path loss exponent, 685
whereas ri,j,k is the distance between the kth user in the 686
jth cell and the BS in the ith cell, whereas zi,j,k denotes 687
the shadow fading factor, which obeys the log-normal distri- 688
bution, i.e., 10 log10(zi,j,k) follows the zero-mean Gaussian 689
distribution having a standard deviation of σshadow. The reuse 690
factor of center pilot group Φc is 1, i.e., it is reused in all 691
Ltotal cells, whereas the reuse factor of edge sub pilot groups 692
Φe = [Φ
T
e,1 Φ
T
e,2, . . . ,Φ
T
e,7]
T is 7, i.e., the ith cell utilizes 693
Φe, mod (i,7)+1, and nonadjacent cells reuse the same edge sub 694
pilot group. The locations of the users in each cell were all 695
randomly generated in each trial. A particular simulation trial 696
is shown in Fig. 6, where the red crosses and green dots in each 697
cell denote the center users and edge users, respectively, which 698
are classified by the BS based on the threshold ρi associated 699
with the parameter λ = 0.1. As stated previously and shown in 700
Fig. 6, the classification of center users and edge users is not 701
based on their distance from the serving BS. 702
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Fig. 6. Instantiation of the randomly generated user distribution in the sim-
ulated hexagonal cellular network, where red crosses, green dots, and black
numbers denote center users, edge users, and cell numbers, respectively.
Fig. 7. Channel estimation accuracy comparison for the conventional and
proposed SPR schemes with M = 128.
Fig. 7 compares the channel estimation accuracies as func-703
tions of the grouping parameter λ for both the conventional and704
proposed SPR schemes with M = 128. In each simulation trial,705
the channel estimation mean square error (MSE) of the edge706
users is calculated as707
MSEe = E
⎧⎪⎨⎪⎩ 1Ke
L∑
i=1
Ki,e∑
k=1
∥∥∥ĥei,i,k − hei,i,k∥∥∥2
2∥∥∥hei,i,k∥∥∥2
2
⎫⎪⎬⎪⎭ (44)
where ĥei,i,k denotes the estimate of the true channel vector708
hei,i,k, whereas the MSE of the channel estimation for the center709
users is defined as710
MSEc = E
⎧⎪⎨⎪⎩ 1(∑L
i=1Ki
)
−Ke
L∑
i=1
Ki,c∑
k=1
∥∥∥ĥci,i,k − hci,i,k∥∥∥2
2∥∥∥hci,i,k∥∥∥2
2
⎫⎪⎬⎪⎭
(45)
Fig. 8. CDF of UL SINR for the conventional and proposed SPR schemes
with M = 128 and λ = 0.1.
where ĥci,i,k denotes the estimate of the true channel vector 711
hci,i,k. The average results over 100 random simulation runs are 712
presented in Fig. 7. By increasing the grouping parameter λ, 713
more users will be regarded as edge users. As expected, for 714
the center users, who only suffer from a slight PC, both the 715
conventional and proposed SPR schemes attain the same ex- 716
cellent channel estimation accuracy. However, the conventional 717
scheme attains a poor channel estimation accuracy for the 718
edge users, who suffer from severe PC. By contrast, since the 719
PC is eliminated by applying orthogonal pilot sequences for 720
the edge users in the adjacent cells, the channel estimation 721
accuracy achieved by the proposed SPR scheme is significantly 722
improved. 723
Fig. 8 shows the cumulative density function (CDF) of UL 724
SINR for both the conventional and proposed SPR schemes 725
with M = 128 and λ = 0.1, where the results are presented 726
by 1000 random simulation trials. In each simulation run, the 727
conventional scheme calculates the UL SINR of a center or 728
an edge user according to the first line of (5). For our SPR 729
scheme, the UL SINR of center users is similar to that for the 730
conventional scheme, whereas the UL SINR of edge users is 731
calculated by the first line of (36) in each simulation trial. Since 732
the UL transmission of the proposed SPR scheme is almost the 733
same as that of the conventional scheme for the center users, 734
their curves in Fig. 8 are almost coincided. Observed in Fig. 8, 735
our SPR scheme attains a significantly higher UL SINR for the 736
edge users than the conventional scheme. Furthermore, the ZF 737
detector is always better than the MF detector by about 2 dB for 738
both center users and edge users. 739
Fig. 9 shows the CDF of UL achievable rate for the conven- 740
tional and proposed SPR schemes with M = 128 and λ = 0.1, 741
where the results are obtained from 500 random simulation 742
runs. In each simulation trial, we generate the user positions 743
first and then generate the channels of users for 50 times to 744
obtain the UL achievable rate. Although the UL SINR results 745
of the center users of the conventional and SPR schemes 746
are the same as shown in Fig. 8, the UL achievable rates 747
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Fig. 9. CDF of UL achievable rate for the conventional and proposed SPR
schemes with M = 128 and λ = 0.1.
Fig. 10. Average UL cell throughput for the conventional and proposed SPR
schemes with M = 128 against λ.
are different due to the different pilot overheads, i.e., μ →748
(KSPR/KCS)μ. It is clear that the UL achievable rate of edge749
users is significantly improved by the SPR scheme, whereas750
the UL achievable rate of center users decreases due to the751
increased pilot overhead. Moreover, the ZF detector always752
outperforms the MF detector by about 0.3 b/s/Hz per user.753
Fig. 10 shows the average UL cell throughput for the con-754
ventional and proposed SPR schemes with M = 128. It is clear755
that, by increasing the group parameter λ, there will be more756
users regarded as edge users, which leads to the increase of pilot757
overhead and the decrease of UL achievable rate of center users.758
Thus, the proper selection of grouping parameter is important,759
e.g., λ ≤ 0.2, which improves the performance of edge users760
and ensures the cell throughput. Otherwise, e.g., λ > 0.5, it is761
clear that the loss caused by overlarge pilot overhead outweighs762
the gain of the SPR scheme. In addition, the ZF detector always763
provides a gain about 5 b/s/Hz of average cell throughput764
compared with the MF detector.765
Fig. 11. Average UL cell throughput for the conventional and proposed SPR
schemes with λ = 0.1 against M .
Fig. 11 shows the average UL cell throughput comparison 766
of the conventional and proposed SPR schemes with λ = 0.1 767
against the number of BS antennas M . When the number of BS 768
antennas is small, i.e., M = 32, the average UL cell throughput 769
of the proposed SPR scheme is smaller than that of the conven- 770
tional scheme about 5 b/s/Hz with MF detector adopted. It is 771
obvious that, to obtain the performance gain for edge users as 772
shown in Fig. 9, the proposed SPR scheme scarifies the spectral 773
efficiency due to the increased pilot overhead and leads to the 774
average UL cell throughput reduction. However, by increasing 775
the number of BS antennas, e.g., M = 256, it becomes clear 776
that the average UL cell throughput of the proposed SPR 777
scheme approaches that of the conventional scheme since the 778
performance of edge users can be significantly improved by 779
increasing M . Moreover, the ZF detector outperforms the MF 780
detector a lot when M is small, and the gap shrinks as M 781
increases. 782
Fig. 12 shows the CDF of DL achievable rate for the conven- 783
tional system, the SPR-aided system, and the SPR- and MBD- 784
assisted system with M = 128 and λ = 0.1. Despite the MBD 785
precoding scheme, it is clear that the results of DL achievable 786
rate are similar with that of UL achievable rate, as shown in 787
Fig. 9, due to their duality property. When the MBD precoding 788
is considered, we find that the DL achievable rate of edge users 789
can be significantly improved due to the elimination of the 790
ICI, whereas the DL achievable rate of center users slightly 791
decreases since the projecting operator of the MBD precoding 792
sacrifices degrees of freedom of the DL signals for center users. 793
Again, we can find that the ZFMBD precoding achieves a gain 794
about 0.4 b/s/Hz compared with the MFMBD precoding for 795
edge users. 796
Fig. 13 shows the average DL cell throughput for the con- 797
ventional system, the SPR-aided system, and the SPR- and 798
MBD-assisted system with λ = 0.1 against M . The conven- 799
tional system outperforms the SPR-aided system, whereas the 800
SPR- and MBD-assisted system performs worst when small 801
number of BS antennas is considered, e.g., M = 32. However, 802
considering the typical massive MIMO configuration as 803
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Fig. 12. CDF of DL achievable rate for the conventional system, the SPR-aided system, and the SPR- and MBD-assisted system with M = 128 and λ = 0.1.
Fig. 13. Average DL cell throughput for the conventional system, the
SPR-aided system, and the SPR- and MBD-assisted system with λ = 0.1
against M .
M = 256, it is clear that the average DL cell throughput of804
the SPR-aided system approaches that of the conventional805
scheme, and the SPR- and MBD-assisted system performs best806
among all three. Moreover, when M is further increased, the807
performance gap between the SPR- and MBD-assisted system808
and the conventional system will also become larger, which809
means that the increased rate of edge users becomes larger than810
the decreased rate of center users.811
VIII. CONCLUSION812
We have developed an SPR and MBD precoding regime813
for LS-MIMO systems, which are capable of significantly814
enhancing both the achievable UL and DL rates for edge users.815
Our contribution is twofold. First, we break away from the816
traditional practice of treating all users as though they suffer817
from the same level of PC and propose a simple yet effective818
means of dividing the users into cell-center and cell-edge users.819
This grouping allows us to apply the proposed SPR scheme, 820
whereby a center pilot group is reused for the center users in all 821
cells, whereas the edge pilot group is applied to the edge users 822
in the adjacent cells. By requiring a slightly increased number 823
of pilot sequences, the proposed SPR scheme eliminates the 824
PC inflicted upon the edge users who would otherwise suffer 825
from severe PC in the conventional scheme. This significantly 826
enhances the QoS for the edge users and, at the same time, en- AQ1827
sures both the average UL and DL cell throughputs with slight 828
and negligible reduction compared with that of the conventional 829
system. Second, we further exploit the fact that the BS becomes 830
capable of estimating the intercell channels of the edge users 831
in the adjacent cells with the aid of the SPR regime without 832
the deliterious effects of PC. Finally, we extend the classical 833
BD precoding to a multicell scenario and propose the MBD 834
precoding to eliminate the ICI imposed on the edge users of the 835
adjacent cells in the DL. This MBD precoding further enhanced 836
the performance of edge users in DL transmission and improved 837
the average DL cell throughput, in addition to the gain obtained 838
by the SPR scheme. 839
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Abstract—The users at cell edge of a massive multiple-input–5
multiple-output (MIMO) system suffer from severe pilot contam-6
ination (PC), which leads to poor quality of service (QoS). To7
enhance the QoS for these edge users, soft pilot reuse (SPR)8
combined with multicell block diagonalization (MBD) precoding9
is proposed. Specifically, the users are divided into two groups ac-10
cording to their large-scale fading coefficients, which are referred11
to as the center users, who only suffer from modest PC, and the12
edge users, who suffer from severe PC. Based on this distinction,13
the SPR scheme is proposed for improving the QoS for the edge14
users, whereby a cell-center pilot group is reused for all cell-center15
users in all cells, whereas a cell-edge pilot group is applied for16
the edge users in the adjacent cells. By extending the classical17
block diagonalization precoding to a multicell scenario, the MBD18
precoding scheme projects the downlink transmit signal onto the19
null space of the subspace spanned by the intercell channels of20
the edge users in adjacent cells. Thus, the intercell interference21
contaminating the edge users’ signals in the adjacent cells can be22
efficiently mitigated, and hence, the QoS of these edge users can be23
further enhanced. Our theoretical analysis and simulation results24
demonstrate that both the uplink and downlink rates of the edge25
users are significantly improved, albeit at the cost of the slightly26
decreased rate of center users.27
Index Terms—Intercell interference (ICI), massive multiple-28
input–multiple-output (MIMO) system, multicell block diagonal-29
ization (MBD) precoding, pilot contamination (PC), quality of30
service (QoS), soft pilot reuse (SPR).31
I. INTRODUCTION32
IN an effort to meet the escalating demand for increasingly33 higher capacity and improved-reliability wireless systems,34
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the “massive” or large-scale multiple-input–multiple-output 35
(LS-MIMO) concept has been proposed [1]–[3], where, typi- 36
cally, each base station (BS) is equipped with a large number 37
of antenna elements (AEs) to serve far fewer single-AE users. 38
This way, each user may have access to several AEs. This 39
LS-MIMO technology offers several significant advantages in 40
comparison with the conventional MIMO concept having a 41
moderate number of AEs. First, asymptotic analysis based on 42
random matrix theory [2] demonstrates that both the intracell 43
interference and the uncorrelated noise effects can be efficiently 44
mitigated, as the number of AEs tends to infinity. Furthermore, 45
the energy consumption of cellular BSs can be substantially 46
reduced [4], and the LS-MIMO systems are robust, since the 47
failure of one or a few of the AEs and radio-frequency chains 48
would not appreciably affect the resultant system performance 49
[1]. Additionally, low-complexity signal processing relying on 50
matched filter (MF)-based transmit precoding (TPC) and de- 51
tection can be used for approaching the optimal performance, 52
when the number of AEs at the BS tends to infinity [2]. 53
Similar to conventional MIMO systems, knowledge of the 54
channel state information (CSI) is also required at the BS of 55
LS-MIMO systems, namely, for data detection in the uplink 56
(UL) and for multiuser TPC in the downlink (DL) [2], [5]. 57
In the time-division duplexing (TDD) protocol, the BS esti- 58
mates the UL channels and obtains the DL CSI by exploiting 59
the channel’s reciprocity [1], [3], [6]. However, this approach 60
suffers from the so-called pilot contamination (PC) problem 61
[1]–[3] in multicell multiuser scenarios due to the reuse of 62
the pilot sequences in adjacent cells, which imposes grave 63
interference on the channel estimate at the BS. Furthermore, 64
the commonly used MF and zero-forcing (ZF) TPC schemes 65
will impose intercell interference (ICI) on the DL transmission, 66
which cannot be reduced by increasing the number of AEs at 67
the BS. 68
Hence, the problems of ICI and PC have been extensively 69
studied [7]–[21]. The fractional frequency reuse (FFR) scheme 70
[7], [8] adopted in LTE Release 9 aims for mitigating the 71
ICI by assigning orthogonal frequency bands to edge users in 72
the adjacent cells at the cost of additional spectral resources. 73
The original frequency-division duplexing (FDD)-based coor- 74
dinated multipoint (CoMP) transmission of LTE-A Release 11 75
[9] is able to avoid the ICI between adjacent cells, whereby 76
each user estimates and feeds back the quantized DL channel 77
from all adjacent cells to the corresponding BS, and then, the 78
BS distributes the CSI to adjacent cells. However, this kind of 79
FDD-based CoMP technique would not be feasible for massive 80
MIMO since the CSI feedback overhead would be huge as the 81
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number of BS antennas increases [10]. Using time-shifted pilot82
sequences for asynchronous transmission among the adjacent83
cells [11], [12] partially mitigates this problem, but it leads84
to mutual interference between data transmission and pilot85
transmission. A TPC scheme can be used for mitigating the ICI86
with the aid of joint multicell processing [13], [14] but, again,87
imposes a high information exchange overhead. In [15], specific88
conditions on the channel’s covariance matrix were imposed,89
which is only valid for the asymptotic case of infinitely many90
AEs at the BS. The angle of arrival (AOA)-based methods of91
[16] and [17] exploit the fact that the users having mutually92
nonoverlapping AOAs hardly contaminate each other even if93
they use the same pilot sequence, but naturally, the efficiency94
of these methods relies on the assumption that the AOA spread95
of each user is small, which is not always the case under96
realistic channel conditions. A data-aided channel estimation97
scheme was proposed in [18], whereby partially decoded data98
are used for estimating the channel, and the PC effects can99
be beneficially reduced by iterative processing at the cost of100
an increased computational complexity. Additionally, the blind101
method of [19] and [20] based on subspace partitioning is102
capable of reducing the ICI under the assumption that the103
channel vectors of different users are orthogonal, which is not104
often the case in practice. The scheme proposed in [21] is105
capable of eliminating PC altogether, but this is achieved with106
the aid of a complex DL and UL training procedure. Note that107
all these existing contributions treat all users in the same way, as108
though they suffer from the same PC, but in reality, the severity109
of PC varies among the users.110
Against the preceding background, inspired by the FFR111
scheme [7] adopted in LTE Release 9, we propose a soft112
pilot reuse (SPR) scheme for mitigating the PC of LS-MIMO113
systems, whereby a cell-edge pilot group is applied for the114
cell-edge users in adjacent cells, whereas the cell-center users115
reuse the same center pilot group in all cells. Furthermore, by116
extending the classical block diagonalization (BD) precoding117
[23] to a multicell scenario, a multicell block diagonalization118
(MBD) TPC technique is conceived for mitigating the ICI and119
for enhancing the quality of service (QoS) for the edge users.120
Specifically, the contributions of this paper are summarized as121
follows.122
• We break away from the traditional practice of treating the123
PC for all users identically—instead, we divide the users124
into two different groups to be considered separately,125
namely, center users subjected to a slight PC and the edge126
users suffering from more severe PC. This way, the center127
users can benefit directly from the LS-MIMO technology,128
and the efforts can be directed toward improving the QoS129
for the edge users.130
• In contrast to the FFR scheme, which assigns orthogonal131
frequency bands to the edge users in adjacent cells, the132
proposed SPR scheme divides the pilot types into two133
groups within the same frequency band, i.e., in a cen-134
ter pilot group, which is reused for the center users in135
all cells, and in an edge pilot group, which is applied136
for the edge users in adjacent cells. Thus, for the edge137
users, the accuracy of the channel estimation is improved,138
and the UL achievable rate is increased. Moreover, by 139
using slightly more pilot resources for edge users, the 140
BS becomes capable of estimating not only the intracell 141
channels of the users within the reference cell but the 142
knowledge of the “intercell channels” of the edge users 143
in the adjacent cells as well. 144
• Different from the original CoMP technique that has to 145
obtain the intercell channels by consuming large over- 146
head [9], [10], the proposed MBD precoding can directly 147
exploit the partial knowledge of the intercell channels 148
and is capable of suppressing the ICI imposed on the 149
edge users of the adjacent cells. Specifically, by extending 150
the classical BD TPC to a multicell scenario, the MBD 151
TPC projects the DL transmit signal onto the null space 152
of the subspace spanned by the partially known intercell 153
channels. Thus, the ICI imposed on the edge users of the 154
adjacent cells can be substantially mitigated; hence, the 155
QoS of the edge users is significantly enhanced. 156
• To analyze the performance of our proposal, we compare 157
the associated pilot requirements, derive the attainable 158
average UL and DL rates, and characterize the compu- 159
tational complexity imposed. Our theoretical derivation 160
confirms that both the achievable UL and DL rates of the 161
edge users are significantly improved at the cost of requir- 162
ing slightly more pilots. Moreover, our simulation results 163
show that the average UL and DL cell throughputs in the 164
SPR- and MBD-aided system are able to approach and 165
even exceed that of the conventional system, provided that 166
a modestly increased number of BS AEs are affordable. 167
The rest of this paper is organized as follows. In Section II, 168
we briefly review the multicell LS-MIMO system model, 169
whereas Section III is devoted to detailing the PC, which is 170
the main performance-limiting factor of LS-MIMO systems. 171
Section IV further details the motivation of this paper, whereas 172
the proposed SPR scheme and the MBD precoding are dis- 173
cussed in Section V. Section VI provides our performance 174
analysis of the proposed SPR scheme and MBD precoding. Our 175
simulation results quantifying the benefits of our proposals are 176
presented in Section VII, whereas our conclusions follow in 177
Section VIII. 178
Throughout our discussions, boldface lower and uppercase 179
symbols represent vectors and matrices, respectively. The trans- 180
pose, conjugate, and Hermitian transpose operators are given 181
by (·)T , (·)∗, and (·)H , respectively. The Moore–Penrose pseu- 182
doinverse operator is denoted by (·)†, and the trace operator 183
is represented by Tr(·), whereas diag{a1, a2, . . . , am} denotes 184
the diagonal matrix associated with a1, a2, . . . , am at its diag- 185
onal entries, and the M ×M identity matrix is given by IM . 186
The number of elements in a set is denoted by card{·}, and the 187
lp norm is denoted by ‖ · ‖p, whereas the expectation operator 188
is given by E{·}. 189
II. SYSTEM MODEL 190
A multicell multiuser LS-MIMO system is illustrated in 191
Fig. 1, which is composed of L hexagonal cells, each having 192
a central BS associated with M antennas to serve K (K  M) 193
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Fig. 1. Multiuser multicell LS-MIMO system.
single-antenna users [1], [2]. The channel vector hi,j,k ∈ CM×1194
of the link spanning from the kth user of the jth cell to the BS195
of the ith cell can be formulated as196
hi,j,k = gi,j,k
√
βi,j,k. (1)
The small-scale fading vectors gi,j,k ∈ CM×1 are statistically197
independent for the K users, and they obey the complex-198
valued Gaussian distribution having a zero-mean vector and199
a covariance matrix IM ; hence, we have gi,j,k ∼ CN (0, IM ).200
Still referring to (1), the large-scale fading coefficients βi,j,k201
are the same for the different antennas at the same BS, but they202
are user dependent. Moreover, they are related to both the path203
loss and shadow fading, which will be addressed in detail in204
the context of our simulations. Thus, the channel matrix of all205
the K users in the jth cell and the BS in the ith cell can be206
represented by207
Hi,j = [hi,j,1 hi,j,2, . . . ,hi,j,K ]
= [gi,j,1 gi,j,2, . . . ,gi,j,K ]D
1
2
i,j (2)
where Di,j = diag(βi,j,1, βi,j,2, . . . , βi,j,K) denotes the large-208
scale fading matrix relating all the K users in the jth cell to the209
ith cell’s BS.210
By adopting the TDD protocol, the BS obtains the DL211
channel estimate by exploiting the reciprocity of the UL and DL212
channels. More specifically, both the small-scale fading vectors213
and the large-scale fading coefficients may be deemed to be214
equal for both the DL and UL directions, provided that the215
bandwidth is sufficiently narrow for avoiding the independent216
fading of the DL and the UL.217
Before considering the PC phenomenon, we summarize218
the asymptotic orthogonality on random vector [1]. Let219
x,y ∈ CM×1 be two independent vectors with distribution220
CN (0, cIM ). Then, from the law of large numbers, we have221
lim
M→∞
xHx
M
a.s.−→ c, lim
M→∞
xHy
M
a.s.−→ 0 (3)
where a.s.−→ denotes the almost sure convergence.222
III. PILOT CONTAMINATION223
By considering the TDD protocol, we adopt the widely used224
block-fading channel model, whereby the channel vectors hi,j,k225
remain constant during the channel’s coherence interval. As226
shown in Fig. 2, each coherence interval is composed of four227
Fig. 2. Multiuser multicell MIMO TDD protocol.
stages for each user [12]: 1) UL data transmission; 2) UL pilot 228
transmission; 3) BS processing; and 4) DL data transmission. 229
At the first stage, all users in all cells synchronously 230
send UL data to their corresponding BSs, and the user 231
data received at the BS in the ith cell can be represented 232
as yui =
√
ρu
∑L
j=1
∑K
k=1 hi,j,kx
u
j,k + n
u
i , where xuj,k with 233
E{|xuj,k|2} = 1 denotes the symbol transmitted from the kth 234
user roaming in the jth cell, ρu represents the UL data trans- 235
mission power, and nui ∈ CM×1 denotes the corresponding 236
UL channel’s additive Gaussian white noise (AWGN) vector 237
associated with E{nui (nui )H} = (σun)2IM . 238
For a typical LS-MIMO system, the pilot sequences used 239
within a specific cell are orthogonal, but the same pilot group 240
is typically reused in the adjacent cells due to the limited 241
number of orthogonal pilot sequences. Thus, during the second 242
stage, the matrix of pilot sequences received at the BS of 243
the ith cell, which is denoted by Ypi ∈ CM×τ , can be rep- 244
resented as Ypi =
√
ρp
∑L
j=1Hi,jΦ+N
p
i , where the matrix 245
Φ = [φ1 φ2, . . . ,φK ]
T ∈ CK×τ containing the transmitted 246
pilot sequence satisfies ΦΦH = IK , ρp is the transmission 247
power of the pilots, and Npi ∈ CM×τ denotes the UL channel’s 248
AWGN matrix. 249
During the third stage, the BS of the ith cell obtains an 250
estimate of the channel matrix Hi,i using any conventional 251
channel estimation method by directly correlating the received 252
pilot matrix with the local pilot matrix, yielding 253
Ĥi,i =
1√
ρp
Ypi Φ
H = Hi,i +
∑
j 
=i
Hi,j +
1√
ρp
NpiΦ
H . (4)
It can readily be seen that the channel estimate of the kth 254
user in the ith cell, namely, ĥi,i,k, is a linear combination of 255
the channels hi,j,k for 1 ≤ j ≤ L, which include the channels 256
of the users in the other cells associated with the same pilot 257
sequence. This phenomenon is referred to as PC [1]–[3]. Given 258
the estimated channel matrix Ĥi,i and by adopting the low- 259
complexity MF detector, the detected symbol arriving from the 260
kth user in the ith cell can be represented as 261
x̂ui,k = ĥ
H
i,i,ky
u
i
=
√
ρu
⎛⎝hHi,i,khi,i,kxui,k +∑
j 
=i
hHi,j,khi,j,kx
u
j,k
⎞⎠+ εui,k
(a)≈ M√ρu
⎛⎝βi,i,kxui,k +∑
j 
=i
βi,j,kx
u
j,k
⎞⎠ (5)
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where vi,k denotes the kth column of (1/
√
ρp)N
p
iΦ
H
, εui,k262
represents the interference, which can be reduced to an arbi-263
trarily low level by increasing the number of transmit antennas264
M at the BS, and
(a)≈ indicates that the approximation holds265
by invoking the asymptotic orthogonality associated with M →266
∞. Thus, the UL signal-to-interference-plus-noise ratio (SINR)267
of the kth user in the ith cell can be calculated as268
SINRui,k =
∣∣∣hHi,i,khi,i,k∣∣∣2∑
j 
=i
∣∣∣hHi,j,khi,j,k∣∣∣2 + ∣∣∣εui,k∣∣∣2 /ρu
(a)≈ β
2
i,i,k∑
j 
=i β
2
i,j,k
(6)
and the achievable UL rate can be expressed as Cui,k = (1 −269
μ)E{log2(1 + SINRui,k)}, where 0 < μ < 1 evaluates the spec-270
tral efficiency reduction caused by the pilot transmission [24].271
It is clear that the UL achievable rate remains limited by the272
PC and it cannot be increased by simply assigning an increased273
transmission power and/or pilot power, i.e., by increasing ρu274
and/or ρp.275
The PC affects the DL transmission during the fourth stage276
as well. The normalized MF precoding matrix [3] is com-277
monly used for the DL transmission, which can be repre-278
sented by Wi = (1/
√
γi)Ĥ
∗
i,i, where γi = Tr(ĤTi,iĤ∗i,i)/K279
is a normalization factor. The BS in the ith cell transmits280
an M -dimensional signal vector as sdi = Wixdi , where xdi =281
[xdi,1 x
d
i,2, . . . , x
d
i,K ]
T
with E{|xdi,k|2} = 1 denotes the source282
symbol vector for the K users in the ith cell. The received283
signals of the K users in the ith cell can be collected to-284
gether as ydi =
√
ρd
∑L
j=1H
T
j,i(1/
√
γj)Ĥ
∗
j,jx
d
j + n
d
i , where285
ndi denotes the DL channel AWGN vector associated with286
E{ndi (ndi )H} = (σdn)2IM . Similar to the derivation shown in287
(6), the DL SINR of the kth user in the ith cell can be derived as288
SINRdi,k =
∣∣∣hTi,i,kh∗i,i,k∣∣∣2∑
j 
=i
∣∣∣hTj,i,kh∗j,i,k∣∣∣2 + ∣∣∣εdi,k∣∣∣2 /ρd
(a)≈ β
2
i,i,k∑
j 
=i β
2
j,i,k
(7)
where εdi,k denotes the corresponding interference similar to289
εui,k given in (5). The corresponding DL rate can be represented290
as Cdi,k = (1 − μ)E{log2(1 + SINRdi,k)}.291
In summary, the PC caused by the reuse of the same orthogo-292
nal pilot group in adjacent cells cannot be reduced by increasing293
the number of antennas at the BS; hence, it limits the achievable294
performance of multicell multiuser LS-MIMO systems.295
IV. MOTIVATION OF OUR PROPOSAL296
In the existing state-of-the-art solutions [7], [8], [11]–[21],297
which aim for reducing the PC, all users are treated identically.298
However, according to (6) and (7), it becomes clear that the299
attainable SINR is proportional to the large-scale fading coef-300
Fig. 3. Illustrative example of the user division.
ficients β2i,i,k, which are different for the K users of each cell. 301
Thus, we have to break away from this traditional concept of 302
treating the PC for all users identically, which motivates our 303
idea of dividing the users of each cell into two groups, namely, 304
the group of center users subjected to modest PC and the group 305
of edge users suffering from severe PC. We will treat them 306
differently. 307
In fact, the limit of the UL SINR of the kth user in the ith 308
cell, which is defined by 309
ηi,k =
β2i,i,k∑
j 
=i β
2
i,j,k
(8)
specifies the severity of the PC for this user. Therefore, it is 310
easy to sort the users in a cell according to their SINR values 311
ηi,k, if all the large-scale fading coefficients {β2i,j,k} are known 312
at the BS, which is a key assumption stipulated in the state-of- 313
the-art contributions [6], [11], [18]. However, in practice, it is 314
difficult for the BS to obtain an accurate estimate of the large- 315
scale fading coefficients of the users in other cells, i.e., of β2i,j,k 316
for j 
= i, unless BS cooperation is invoked, which is typically 317
associated with a substantial side-information overhead. 318
Since we have ηi,k ∝ β2i,i,k, we may also use β2i,i,k for 319
estimating the severity of the PC for the kth user roaming in 320
the ith cell. In contrast to β2i,j,k for j 
= i, all the large-scale 321
fading coefficients {β2i,i,k} of the K users in the ith cell can be 322
readily obtained. Thus, the K users in the ith cell can be readily 323
divided into two groups according to 324
β2i,i,k
?
> ρi →
{
Yes → center users
No → edge users. (9)
The user-grouping threshold ρi can be set to 325
ρi =
λ
K
K∑
k=1
β2i,i,k (10)
where λ can be adjusted according to the specific system 326
configuration. A simple case is illustrated in Fig. 3, where, 327
according to the large-scale fading coefficients {β2i,i,k} and 328
the given threshold ρi, the users are divided into two groups, 329
namely, the center users associated with only a slight PC and 330
the edge users subjected to severe PC. Note that the threshold 331
ρi is not based on the geographic locations of the users—it is 332
rather based on the signal space of {β2i,i,k}. 333
Since the center users only suffer from minor PC, the conven- 334
tional LS-MIMO scheme outlined earlier is capable of attaining 335
a high performance. By contrast, the edge users suffer from 336
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serious PC; hence, their performance based on the conventional337
LS-MIMO scheme is expected to be poor. To enhance the QoS338
of the edge users, who suffer from heavy PC, we propose the339
more sophisticated SPR scheme and MBD precoding in the340
following.341
V. PROPOSED SOFT PILOT REUSE SCHEME AND342
MULTICELL BLOCK DIAGONALIZATION PRECODING343
Based on the division of users into two groups as outlined in344
Section IV, it is plausible that the center users indeed benefit345
from the conventional LS-MIMO technique. By contrast, im-346
proved measures have to be considered for enhancing the QoS347
of the edge users, such as our SPR and MBD schemes, which348
will be discussed in detail in the following.349
A. Proposed Soft Pilot Reuse Scheme350
Inspired by the FFR scheme, which assigns orthogonal fre-351
quency bands to edge users in adjacent cells to prevent serious352
ICI in 3GPP LTE Release 9, we propose the SPR scheme353
to mitigate the PC, whereby orthogonal pilot subgroups are354
assigned to the edge users in the adjacent cells, whereas a center355
pilot group is reused for the center users of all cells.356
More specifically, consider a typical LS-MIMO system,357
which is composed of L hexagonal cells, where the ith cell358
supports Ki users. In the conventional LS-MIMO scheme359
[1]–[3], the number of orthogonal pilot sequences required can360
be calculated as361
KCS = max{Ki, i = 1, 2, . . . , L}. (11)
In contrast to the conventional LS-MIMO scheme, where all362
users are treated identically, the Ki users of the ith cell are first363
divided into two groups according to their large-scale fading364
coefficients {β2i,i,k}, which have cardinalities of365
Ki = Ki,c +Ki,e (12)
where Ki,c = card{k : β2i,i,k > ρi} denotes the number of366
center users, whereas Ki,e = card{k : β2i,i,k ≤ ρi} represents367
the number of edge users. Thus, the number of orthogonal368
pilot sequences needed in the proposed SPR scheme can be369
calculated as370
KSPR = Kc +Ke (13)
where Kc = max{Ki,c, i = 1, 2, . . . , L} denotes the number371
of pilot sequences assigned to the center users, whereas372
Ke =
∑L
i=1Ki,e denotes the number of pilot sequences dedi-373
cated to the edge users. It should be pointed out that we assume374
having L cooperating cells; thus, L is a moderate value. For ex-375
ample, we have L = 7 for the classic seven-cell system. Then,376
the entire set of pilot resources ΦSPR ∈ CKSPR×τ associated377
with ΦSPRΦHSPR = IKSPR can be divided into378
ΦSPR =
[
ΦTc Φ
T
e
]T (14)
Fig. 4. Example of the proposed SPR scheme.
where Φc ∈ CKc×τ is reused for the center users in all cells, 379
and Φe ∈ CKe×τ is applied to the edge users of the adjacent 380
cells. Furthermore, Φe can be divided into L partitions, as 381
Φe =
[
ΦTe,1 Φ
T
e,2, . . . ,Φ
T
e,L
]T (15)
where Φe,i ∈ CKi,e×τ is applied to the Ki,e edge users in the 382
ith cell. Thus, the pilot sequences applied to edge users are 383
orthogonal to those of the other users roaming in the adjacent 384
cells. 385
In the example in Fig. 4, there are three hexagonal cells 386
associated with K1 = 4, K2 = 5, and K3 = 6 users. To com- 387
pletely eliminate the PC would require 15 orthogonal pilot 388
sequences. It can be readily calculated that we have KCS = 6 389
and KSPR = 8 for this simple case. Although the proposed SPR 390
scheme requires slightly more pilot resources than the conven- 391
tional scheme, the QoS of the edge users can be significantly 392
improved, which will be verified in the following. 393
B. Channel Estimation Based on Soft Pilot Reuse 394
By applying the proposed SPR scheme, the BS becomes 395
capable of estimating the channels for its edge users in the 396
absence of PC, since the pilot sequences assigned to the edge 397
users are all orthogonal. Moreover, the BS can also obtain the 398
partial knowledge of the intercell channels of the edge users in 399
adjacent cells, which is the dominant source of the ICI inflicted 400
upon these edge users of the adjacent cells during the BS’s DL 401
transmissions. 402
Specifically, we consider the same LS-MIMO system as in 403
Section V-A, which is composed of L hexagonal cells, where 404
the ith cell has Ki users. Based on the proposed SPR scheme, 405
we divide the channel matrix Hi,j as defined in (2) into two 406
parts, i.e., 407
Hi,j →
[
Hci,j H
e
i,j
] (16)
where Hci,j ∈ CM×Kj,c denotes the channel matrix of the link 408
spanning from the center users in the jth cell to the BS in the 409
ith cell, whereas Hei,j ∈ CM×Kj,e denotes the channel matrix 410
of the link spanning from the edge users in the jth cell to the 411
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BS in the ith cell. Then, the pilot sequence received at the BS412
of the ith cell can be represented by413
Y
p
i =
√
ρp
⎛⎝ L∑
j=1
Hci,jΦc (r : Kj,c)+
L∑
j=1
Hei,jΦe,j
⎞⎠+Npi
(17)
where Φc(r : Kj,c) denotes the submatrix composed of the414
first Kj,c rows of Φc, whereas N
p
i denotes the corresponding415
AWGN matrix at the UL receiver.416
Then, the BS becomes capable of estimating the channel of417
its center users as418
Ĥci,i =
1√
ρp
Y
p
iΦ
H
c (r : Ki,c)
=Hci,i +
∑
j 
=i
Hci,j (c : Ki,c) +N
c
i (18)
where Nci = (1/
√
ρp)N
p
iΦ
H
c (r : Ki,c), which can be reduced419
to an arbitrarily small value by increasing M , and Hci,j(c :420
Ki,c) denotes the matrix composed of the first Ki,c columns421
of Hci,j . Note that, if we have Ki,c > Kj,c, then Ki,c −Kj,c422
zero vectors are used to fill Hci,j(c : Ki,c). In contrast to the423
conventional scheme of (4), the proposed scheme only allows424
the center users to reuse the same pilot group of Φc, since the425
PC imposed on these center users is modest. Consequently,426
the severity of the PC inflicted upon the channel estimation of427
the center users given in (18) is minor.428
On the other hand, by adopting the proposed SPR scheme,429
the BS of the ith cell becomes capable of acquiring the channel430
estimate of its edge users without excessive PC, yielding431
Ĥei,i =
1√
ρp
Y
p
iΦ
H
e,i = H
e
i,i +N
e
i (19)
where we have Nei = (1/
√
ρp)N
p
iΦ
H
e,i, which can be made432
arbitrarily small by increasing the number of antennas at the433
BS. It is clear that the PC is completely eliminated for these434
edge users, and therefore, the channel estimation accuracy of435
these edge users is significantly enhanced. By contrast, with the436
conventional scheme, these edge users suffer from grave PC,437
and hence, their channel estimates have extremely poor quality,438
which severely limits the achievable UL detection performance.439
With the aid of the proposed SPR scheme, the full channel440
estimate at the BS of the ith cell is then given by441
Ĥi,i =
[
Ĥci,i Ĥ
e
i,i
]
(20)
which is significantly more accurate than that of the conven-442
tional channel estimation scheme of (4). Thus, given this more443
accurate channel estimate, the UL achievable rate of the edge444
users can be significantly increased, which will be analyzed in445
detail in Section VI.446
Moreover, since the edge users of the adjacent cells rely on447
orthogonal pilot sequences, a BS can also acquire the partial448
intercell channels for the edge users of the adjacent cells.449
Specifically, by correlating the received pilot matrix Ypi with450
Φe,j , the BS of the ith cell becomes capable of acquiring the451
partial intercell channels from the edge users in the jth cell 452
without PC, as follows: 453
Ĥei,j =
1√
ρp
Y
p
iΦ
H
e,j = H
e
i,j +N
e
i,j , j 
= i (21)
where Nei,j = (1/
√
ρp)N
p
iΦ
H
e,j can be rendered arbitrarily 454
small upon increasing M . Thus, the BS of the ith cell becomes 455
capable of accurately estimating all the partial intercell chan- 456
nels of the links spanning from the edge users of the adjacent 457
cells, which comprises an estimate of the intercell channel 458
matrix Ai ∈ C(Ke−Ki,e)×M as 459
Âi =
[
Ĥei,1, . . . , Ĥ
e
i,i−1 Ĥ
e
i,i+1, . . . , Ĥ
e
i,L
]T
. (22)
For instance, in the simple example depicted in Fig. 4, the BS 460
in the first cell is able to acquire the accurate channel estimates 461
of both its edge user and of the partial intercell channels of the 462
edge users in two adjacent cells. The intercell channel matrix 463
Ai provides important information for the DL TPC design. 464
Armed with its accurate estimate Âi, the BS of the ith cell 465
will be able to beneficially preprocess its transmissions for the 466
sake of reducing the ICI inflicted upon its neighboring edge 467
users roaming in the adjacent cells, which is the topic in the 468
following. 469
C. Multicell Block Diagonalization Precoding 470
By selecting the TPC vector for a specific user from the 471
null space spanned by the channels of other users, the classical 472
BD TPC scheme [23] adopted in single-cell multiuser MIMO 473
systems is capable of eliminating the multiuser interference. 474
Armed with the estimate of the partial intercell channels, we 475
propose the MBD TPC by extending the classical BD TPC to 476
a multicell multiuser scenario. Specifically, by projecting the 477
DL transmit signal onto the null space of the subspace spanned 478
by the intercell channels, the proposed MBD TPC becomes 479
capable of eliminating the ICI imposed on these edge users. 480
To obtain the null space of the intercell channels, we first 481
apply the classic singular value decomposition (SVD) [22] to 482
the intercell channel matrix Âi, yielding 483
Âi = UiΣiV
H
i (23)
where Ui ∈ C(Ke−Ki,e)×(Ke−Ki,e) denotes the left singular 484
vector matrix, Vi ∈ CM×M denotes the right singular vector 485
matrix, and Σi ∈ C(Ke−Ki,e)×M is composed of the singular 486
values as 487
Σi =
[
Σ̂i 0ri×(M−ri)
0(Ke−Ki,e−ri)×ri 0(Ke−Ki,e−ri)×(M−ri)
]
(24)
in which ri = rank(Âi) is the rank of Âi, Σ̂i = diag{σi,1, 488
σi,2, . . . , σi,ri}, and the singular values satisfy 489
σi,1 ≥ σi,2 ≥, . . . ,≥ σi,ri > 0. (25)
According to the properties of full SVD, the null space of the 490
intercell channels, namely, Null(Âi) ⊆ CM , can be spanned 491
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by the columns of the matrix Bi ∈ CM×(M−ri), which is a492
submatrix of Vi defined by493
Bi = [vi,ri+1 vi,ri+2, . . . ,vi,M ] (26)
where vi,j denotes the jth column of Vi. Note that the exis-494
tence of this null space is guaranteed owing to the fact that the495
number of antennas at the BS of LS-MIMO systems is much496
larger than that of the edge users, i.e., we have497
M  Ke ≥ Ke −Ki,e ≥ ri. (27)
The large null space of the intercell channels indicates that,498
for any TPC matrix chosen from this null space, i.e., ∀Wi ⊂499
Null(Âi), we have500
ÂiWi = 0 ⇒
(
Ĥei,j
)T
Wi = 0 ∀ j 
= i (28)
which means that this TPC matrix calculated for the ith cell501
is capable of eliminating the ICI inflicted upon the edge users502
roaming in the adjacent cells. It is plausible, however, that503
a precoding matrix, which is randomly chosen from the null504
space Null(Âi) may cause severe intracell interference. To505
avoid the deleterious effects of intracell interference, we project506
a conventional TPC matrix onto this null space.507
For example, by projecting this conventional MF precoding508
matrix WMFi = (1/
√
γMFi )Ĥ
∗
i,i onto the null space Null(Âi),509
we can generate the MF-based MBD matrix as510
WMFMBDi =
1√
γMFMBDi
PBiĤ
∗
i,i (29)
where PBi = BiB
†
i denotes the projection operator based on511
the matrix Bi, and γMFMBDi is a normalization factor given by512
γMFMBDi =
1
Ki
Tr
(
ĤTi,iP
H
Bi
PBiĤ
∗
i,i
)
=
1
Ki
Tr
(
ĤTi,iPBiĤ
∗
i,i
)
(30)
in which PHBi = PBi and PBiPBi = PBi are applied.513
Similarly, by projecting the conventional ZF TPC matrix514
onto the null space Null(Ai), we can generate the ZF-based515
MBD matrix as516
WZFMBDi =
1√
γZFMBDi
((
P∗BiĤi,i
)T)†
=
1√
γZFMBDi
PBiĤ
∗
i,i
(
ĤTi,iP
H
Bi
PBiĤ
∗
i,i
)−1
=
1√
γZFMBDi
PBiĤ
∗
i,i
(
ĤTi,iPBiĤ
∗
i,i
)−1
(31)
where the normalization factor γZFMBDi is calculated as517
γZFMBDi =
1
Ki
Tr
(
ĤTi,iP
H
Bi
PBiĤ
∗
i,i
)−1
=
1
Ki
Tr
(
ĤTi,iPBiĤ
∗
i,i
)−1
. (32)
Fig. 5. Illustrative example of the MBD precoding scheme.
Both the precoding matrices WMFMBDi and WZFMBDi are 518
capable of eliminating the ICI imposed on the edge users 519
of the adjacent cells. An illustrative example is depicted in 520
Fig. 5, where, based on the proposed SPR scheme, the BS 521
becomes capable of estimating the partial intercell channels 522
of the edge users roaming in the adjacent cells. The MBD 523
TPC then projects the DL transmission signal onto the null 524
space of the partial intercell channels to eliminate the ICI 525
contaminating the reception of these edge users in the adjacent 526
cells. Therefore, the MBD TPC significantly increases the DL 527
achievable rate of edge users, and consequently, the QoS of 528
edge users is considerably enhanced. 529
VI. PERFORMANCE ANALYSIS 530
Before we investigate the performance of the proposed SPR 531
and MBD schemes, we first discuss the amount of pilot re- 532
sources required, then derive both the UL and DL achiev- 533
able rates, and, finally, consider the computational complexity 534
imposed. 535
A. Pilot Resource Consumption 536
As seen in (11), the conventional scheme requires KCS = 537
max{Ki, 1 ≤ i ≤ L} number of orthogonal pilot sequences, 538
and it suffers from grave PC. Again, to eliminate the PC caused 539
by the reuse of the same pilot group in adjacent cells, the most 540
plausible solution is to apply orthogonal pilot sequences to 541
all users in all cells. However, the number of orthogonal pilot 542
sequences would be increased to 543
KOS =
L∑
i=1
Ki (33)
which leads to a substantial spectral efficiency reduction. 544
Recall that the proposed SPR and MBD schemes are capable 545
of enhancing the QoS for edge users at the expense of a slightly 546
increased number of pilot resources. More specifically, by 547
comparing (11) and (13), the additional pilot resources required 548
by the proposed SPR scheme can be derived as 549
KSPR −KCS =
∑
i
=i0
Ki,e ≤
L∑
i=1
Ki,e (34)
where i0 denotes the index of the cell that has the most users, 550
i.e., Ki0 = KCS. It is clear that the additional number of pilot 551
sequences is close to the total number of the edge users. Since 552
the edge users are classified according to the threshold ρi, 553
which can be adjusted by the parameter λ, the number of edge 554
users can be also flexibly adjusted. 555
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More explicitly, the careful choice of the parameter λ pro-556
vides a flexible tradeoff between the pilot resources required557
and the achievable system performance of the proposed SPR558
scheme. At one extreme end, when the parameter λ is set559
to 0, all the users will be regarded as edge users, and the560
proposed SPR scheme becomes equivalent to the orthogonal561
scheme, where all users in all cells use orthogonal pilot se-562
quences. Naturally, this achieves the best performance but relies563
on the most pilot resources, requiring KOS orthogonal pilot564
sequences. At the other extreme, when the parameter λ is565
set to a sufficiently large value, e.g., λ = KCS, then all users566
are regarded as center users, and the proposed SPR scheme567
degrades to the conventional scheme that reuses the same pilot568
group in all cells. Hence, the resultant arrangement attains the569
worst performance but consumes the minimum pilot resources,570
hence requiring only KCS orthogonal pilot sequences.571
B. Uplink Transmission572
For the center users, the average SINR performance of573
SPR-aided UL transmission becomes almost the same as that574
of applying the conventional scheme. This is because, for the575
center users in a cell, the estimated channel matrix of (4)576
obtained by applying the conventional scheme is very similar to577
that of (18) obtained by applying the SPR scheme. However, the578
achievable rate of the center users of the SPR-aided UL trans-579
mission is slightly reduced, since the pilot overhead increases,580
i.e., μ → (KSPR/KCS)μ. On the other hand, the performance581
of UL transmission for the edge users is much more complex,582
as shown in the following.583
Similar to the received signal given in Section III based on584
the conventional scheme, the received signal at the BS of the585
ith cell based on the SPR scheme can be represented as586
yui =
√
ρu
L∑
j=1
(
Hci,jx
u,c
j +H
e
i,jx
u,e
j
)
+ nui (35)
where xu,cj = [x
u,c
j,1 x
u,c
j,2 , . . . , x
u,c
j,Kj,c
]
T denotes the symbol vec-587
tor transmitted from the Kj,c center users in the jth cell, xu,ej =588
[xu,ej,1 x
u,e
j,2 , . . . , x
u,e
j,Kj,e
]
T is the symbol vector transmitted from589
the Kj,e edge users in the jth cell, and nui denotes the corre-590
sponding UL AWGN vector.591
By adopting the MF detector based on the channel estimation592
obtained by the SPR scheme for the edge users in the ith cell,593
i.e., Ĥei,i of (19), the detected symbol vector for the Ki,e users594
in the ith cell is given by595
x̂u,ei =
(
Ĥei,i
)H
yui
=
(
Hei,i+N
e
i
)H⎛⎝√ρu L∑
j=1
(
Hci,jx
u,c
j +H
e
i,jx
u,e
j
)
+nui
⎞⎠
=
√
ρu
(
Hei,i
)H
Hei,ix
u,e
i +η
u,e
i
(a)≈M√ρuDei,ixu,ei (36)
where Dei,i = diag{βei,i,1, βei,i,2, . . . , βei,i,Ki,e} denotes the sub-596
diagonal matrix of Di,i consisting of the Ki,e edge users’ large-597
scale fading coefficients, and ηu,ei = [η
u,e
i,1 η
u,e
i,2 , . . . , η
u,e
i,Ki,e
]
T 598
denotes the interference, which can be made arbitrarily small 599
by increasing the number of antennas at the BS. In particular, 600
for the kth edge user in the ith cell, the detected symbol is 601
given by 602
x̂u,eik =
√
ρu
(
hei,i,k
)H
hei,i,kx
u,e
i,k + μ
u,e
i,k + η
u,e
i,k
(a)≈ M√ρuβei,i,kxu,ei,k (37)
where μu,ei,k =
√
ρu
∑
k′ 
=k (h
e
i,i,k)
Hhei,i,k′x
u,e
i,k′ is the intracell 603
interference arriving from the other edge users in the same 604
cell, which can be rendered arbitrarily small by increasing M . 605
Similar to the derivation in (6), the UL SINR of the kth edge 606
user in the ith cell can be calculated as 607
SINRu,ei,k = ρu
∣∣∣∣(hei,i,k)H hei,i,k∣∣∣∣2∣∣∣μu,ei,k ∣∣∣2 + ∣∣∣ηu,ei,k ∣∣∣2 (38)
and the achievable UL rate can be calculated as Cu,ei,k = (1 − 608
(KSPR/KCS)μ)E{log2(1 + SINRu,ei,k )}. Note that, unlike the 609
result of the conventional scheme given in (6), SINRu,ei,k in- 610
creases as M increases, and in the asymptotic case of M → ∞, 611
we have SINRu,ei,k → ∞. 612
In summary, in contrast to the conventional scheme, which 613
is unable to remove the PC by simply increasing the number of 614
antennas at the BS M , for the edge users, we eliminated the PC 615
imposed on the UL data transmission, and consequently, the UL 616
achievable rate is significantly improved. Similar results can be 617
obtained if we adopt the ZF detector for UL transmission in 618
our proposal, and the ZF detector outperforms the MF detector, 619
which will be verified by our numerical results. 620
C. Downlink Transmission 621
Similar to the analysis of the UL transmission, here, we focus 622
our attention on the DL transmission of the edge users in our 623
proposal. 624
By adopting the MFMBD precoding matrix as derived in 625
(29), the received signal vector of the Ki,e edge users in the 626
ith cell can be represented as 627
yd,ei =
√
ρd
L∑
j=1
(
Hej,i
)T
WMFMBDj
[
xd,cj
xd,ej
]
+ nd,ei
=
√
ρd
L∑
j=1
1√
γMFMBDj
(
Hej,i
)T
BjB
†
jĤ
∗
j,j
[
xd,cj
xd,ej
]
+nd,ei
≈
√
ρd
γMFMBDi
(
Hei,i
)T
BiB
†
iĤ
∗
i,i
[
xd,ci
xd,ei
]
+ nd,ei (39)
where xd,cj = [x
d,c
j,1 x
d,c
j,2 , . . . , x
d,c
j,Kj,c
]T are the symbols trans- 628
mitted to the Kj,c center users in the jth cell, xd,ej = 629
[xd,ej,1 x
d,e
j,2 , . . . , x
d,e
j,Kj,e
]
T
are the symbols destined for the Kj,e 630
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edge users in the jth cell, nd,ei = [n
d,e
i,1 n
d,e
i,2 , . . . , n
d,e
i,Ki,e
]
T
de-631
notes the corresponding DL AWGN vector, and the approxima-632
tion ≈ holds as we apply Ĥej,i ≈ Hej,i and (Ĥej,i)
T
Bj = 0 for633
j 
= i [see (28)].634
Thus, for the kth edge user in the ith cell, the received symbol635
can be represented as636
yd,ei,k ≈
√
ρd
γMFMBDi
(
hei,i,k
)T
BiB
†
i
(
hei,i,k
)∗
xd,ei,k+μ
d,e
i,k+n
d,e
i,k
(40)
where the intracell interference μd,ei,k is given by637
μd,ei,k =
√
ρd
γMFMBDi
⎛⎝Ki,c∑
k′=1
(
hei,i,k
)T
BiB
†
i
(
hci,i,k′
)∗
xd,ci,k′
+
∑
k′ 
=k
(
hei,i,k
)T
BiB
†
i
(
hei,i,k′
)∗
xd,ei,k′
⎞⎠ . (41)
Both nd,ei,k and μ
d,e
i,k can be made arbitrarily small by increasing638
the number of antennas at the BS. The DL SINR of the kth edge639
user in the ith cell can be then calculated as640
SINRd,ei,k ≈
ρd
γMFMBDi
·
∣∣∣∣(hei,i,k)T BiB†i (hei,i,k)∗∣∣∣∣2∣∣∣μd,ei,k ∣∣∣2 + ∣∣∣nd,ei,k ∣∣∣2 (42)
and the achievable DL rate can be calculated as Cd,ei,k = (1 −641
(KSPR/KCS)μ)E{log2(1 + SINRd,ei,k )}. In contrast to the re-642
sult of the conventional scheme given in (7), SINRd,ei,k increases643
as M increases and in the asymptotic case of M → ∞; hence,644
we have SINRd,ei,k → ∞.645
It is clear that, for the edge users, the PC is eliminated646
by our proposed scheme during the DL data transmission,647
and additionally, both the ICI and the intracell interference648
imposed on these edge users have been reduced by the MBD649
scheme. Similar results can be obtained if we adopt the ZF-650
based MBD TPC matrix, i.e., WZFMBDi , for DL transmission651
in our proposal.652
Taking into account the extra pilot resource, the achievable653
DL rate of the edge users has been significantly improved,654
whereas that of the center users is slightly reduced. Moreover,655
the average UL and DL cell throughputs of the SPR- and MBD-656
assisted system will be confirmed later by our simulation study.657
D. Computational Complexity658
The computational complexity of implementing the MBD659
scheme at the BS for the edge users will be quantified in terms660
of the number of complex-valued multiplications required,661
which includes the following two main contributions.662
1) For the SVD operator, the complexity is on the order663
of MK2e , which is denoted by O(MK2e ), which allows664
us to calculate Âi = UiΣiVHi by using the QR de-665
composition.666
TABLE I
BASIC SIMULATION PARAMETERS
2) For the matrix pseudoinverse operation, the complexity 667
is on the order of O(MK2CS), which allows us to gen- 668
erate the ZF-based MBD precoding matrix by using the 669
Gram–Schmidt algorithm. 670
The total computational complexity of implementing the 671
MBD scheme at the BS is therefore on the order of O(M(K2e + 672
K2CS)), which is comparable with that of the conventional 673
scheme, and it is within the computational capability of a 674
typical state-of-the-art BS. 675
VII. SIMULATION STUDY 676
We evaluated the performance of the proposed SPR and 677
MBD schemes using a set of Monte Carlo simulations. A typ- 678
ical hexagonal cellular network of Ltotal cells was considered, 679
where the BS of each cell employed M AEs, and the ith cell 680
had Ki single-AE users [2], [25], [26]. The default values of the 681
various parameters of this simulated hexagonal cellular network 682
are summarized in Table I. The large-scale fading coefficient 683
βi,j,k was generated according to [2] 684
βi,j,k =
zi,j,k
(ri,j,k/R)α
(43)
where R denotes the cell radius, and α is the path loss exponent, 685
whereas ri,j,k is the distance between the kth user in the 686
jth cell and the BS in the ith cell, whereas zi,j,k denotes 687
the shadow fading factor, which obeys the log-normal distri- 688
bution, i.e., 10 log10(zi,j,k) follows the zero-mean Gaussian 689
distribution having a standard deviation of σshadow. The reuse 690
factor of center pilot group Φc is 1, i.e., it is reused in all 691
Ltotal cells, whereas the reuse factor of edge sub pilot groups 692
Φe = [Φ
T
e,1 Φ
T
e,2, . . . ,Φ
T
e,7]
T is 7, i.e., the ith cell utilizes 693
Φe, mod (i,7)+1, and nonadjacent cells reuse the same edge sub 694
pilot group. The locations of the users in each cell were all 695
randomly generated in each trial. A particular simulation trial 696
is shown in Fig. 6, where the red crosses and green dots in each 697
cell denote the center users and edge users, respectively, which 698
are classified by the BS based on the threshold ρi associated 699
with the parameter λ = 0.1. As stated previously and shown in 700
Fig. 6, the classification of center users and edge users is not 701
based on their distance from the serving BS. 702
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Fig. 6. Instantiation of the randomly generated user distribution in the sim-
ulated hexagonal cellular network, where red crosses, green dots, and black
numbers denote center users, edge users, and cell numbers, respectively.
Fig. 7. Channel estimation accuracy comparison for the conventional and
proposed SPR schemes with M = 128.
Fig. 7 compares the channel estimation accuracies as func-703
tions of the grouping parameter λ for both the conventional and704
proposed SPR schemes with M = 128. In each simulation trial,705
the channel estimation mean square error (MSE) of the edge706
users is calculated as707
MSEe = E
⎧⎪⎨⎪⎩ 1Ke
L∑
i=1
Ki,e∑
k=1
∥∥∥ĥei,i,k − hei,i,k∥∥∥2
2∥∥∥hei,i,k∥∥∥2
2
⎫⎪⎬⎪⎭ (44)
where ĥei,i,k denotes the estimate of the true channel vector708
hei,i,k, whereas the MSE of the channel estimation for the center709
users is defined as710
MSEc = E
⎧⎪⎨⎪⎩ 1(∑L
i=1Ki
)
−Ke
L∑
i=1
Ki,c∑
k=1
∥∥∥ĥci,i,k − hci,i,k∥∥∥2
2∥∥∥hci,i,k∥∥∥2
2
⎫⎪⎬⎪⎭
(45)
Fig. 8. CDF of UL SINR for the conventional and proposed SPR schemes
with M = 128 and λ = 0.1.
where ĥci,i,k denotes the estimate of the true channel vector 711
hci,i,k. The average results over 100 random simulation runs are 712
presented in Fig. 7. By increasing the grouping parameter λ, 713
more users will be regarded as edge users. As expected, for 714
the center users, who only suffer from a slight PC, both the 715
conventional and proposed SPR schemes attain the same ex- 716
cellent channel estimation accuracy. However, the conventional 717
scheme attains a poor channel estimation accuracy for the 718
edge users, who suffer from severe PC. By contrast, since the 719
PC is eliminated by applying orthogonal pilot sequences for 720
the edge users in the adjacent cells, the channel estimation 721
accuracy achieved by the proposed SPR scheme is significantly 722
improved. 723
Fig. 8 shows the cumulative density function (CDF) of UL 724
SINR for both the conventional and proposed SPR schemes 725
with M = 128 and λ = 0.1, where the results are presented 726
by 1000 random simulation trials. In each simulation run, the 727
conventional scheme calculates the UL SINR of a center or 728
an edge user according to the first line of (5). For our SPR 729
scheme, the UL SINR of center users is similar to that for the 730
conventional scheme, whereas the UL SINR of edge users is 731
calculated by the first line of (36) in each simulation trial. Since 732
the UL transmission of the proposed SPR scheme is almost the 733
same as that of the conventional scheme for the center users, 734
their curves in Fig. 8 are almost coincided. Observed in Fig. 8, 735
our SPR scheme attains a significantly higher UL SINR for the 736
edge users than the conventional scheme. Furthermore, the ZF 737
detector is always better than the MF detector by about 2 dB for 738
both center users and edge users. 739
Fig. 9 shows the CDF of UL achievable rate for the conven- 740
tional and proposed SPR schemes with M = 128 and λ = 0.1, 741
where the results are obtained from 500 random simulation 742
runs. In each simulation trial, we generate the user positions 743
first and then generate the channels of users for 50 times to 744
obtain the UL achievable rate. Although the UL SINR results 745
of the center users of the conventional and SPR schemes 746
are the same as shown in Fig. 8, the UL achievable rates 747
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Fig. 9. CDF of UL achievable rate for the conventional and proposed SPR
schemes with M = 128 and λ = 0.1.
Fig. 10. Average UL cell throughput for the conventional and proposed SPR
schemes with M = 128 against λ.
are different due to the different pilot overheads, i.e., μ →748
(KSPR/KCS)μ. It is clear that the UL achievable rate of edge749
users is significantly improved by the SPR scheme, whereas750
the UL achievable rate of center users decreases due to the751
increased pilot overhead. Moreover, the ZF detector always752
outperforms the MF detector by about 0.3 b/s/Hz per user.753
Fig. 10 shows the average UL cell throughput for the con-754
ventional and proposed SPR schemes with M = 128. It is clear755
that, by increasing the group parameter λ, there will be more756
users regarded as edge users, which leads to the increase of pilot757
overhead and the decrease of UL achievable rate of center users.758
Thus, the proper selection of grouping parameter is important,759
e.g., λ ≤ 0.2, which improves the performance of edge users760
and ensures the cell throughput. Otherwise, e.g., λ > 0.5, it is761
clear that the loss caused by overlarge pilot overhead outweighs762
the gain of the SPR scheme. In addition, the ZF detector always763
provides a gain about 5 b/s/Hz of average cell throughput764
compared with the MF detector.765
Fig. 11. Average UL cell throughput for the conventional and proposed SPR
schemes with λ = 0.1 against M .
Fig. 11 shows the average UL cell throughput comparison 766
of the conventional and proposed SPR schemes with λ = 0.1 767
against the number of BS antennas M . When the number of BS 768
antennas is small, i.e., M = 32, the average UL cell throughput 769
of the proposed SPR scheme is smaller than that of the conven- 770
tional scheme about 5 b/s/Hz with MF detector adopted. It is 771
obvious that, to obtain the performance gain for edge users as 772
shown in Fig. 9, the proposed SPR scheme scarifies the spectral 773
efficiency due to the increased pilot overhead and leads to the 774
average UL cell throughput reduction. However, by increasing 775
the number of BS antennas, e.g., M = 256, it becomes clear 776
that the average UL cell throughput of the proposed SPR 777
scheme approaches that of the conventional scheme since the 778
performance of edge users can be significantly improved by 779
increasing M . Moreover, the ZF detector outperforms the MF 780
detector a lot when M is small, and the gap shrinks as M 781
increases. 782
Fig. 12 shows the CDF of DL achievable rate for the conven- 783
tional system, the SPR-aided system, and the SPR- and MBD- 784
assisted system with M = 128 and λ = 0.1. Despite the MBD 785
precoding scheme, it is clear that the results of DL achievable 786
rate are similar with that of UL achievable rate, as shown in 787
Fig. 9, due to their duality property. When the MBD precoding 788
is considered, we find that the DL achievable rate of edge users 789
can be significantly improved due to the elimination of the 790
ICI, whereas the DL achievable rate of center users slightly 791
decreases since the projecting operator of the MBD precoding 792
sacrifices degrees of freedom of the DL signals for center users. 793
Again, we can find that the ZFMBD precoding achieves a gain 794
about 0.4 b/s/Hz compared with the MFMBD precoding for 795
edge users. 796
Fig. 13 shows the average DL cell throughput for the con- 797
ventional system, the SPR-aided system, and the SPR- and 798
MBD-assisted system with λ = 0.1 against M . The conven- 799
tional system outperforms the SPR-aided system, whereas the 800
SPR- and MBD-assisted system performs worst when small 801
number of BS antennas is considered, e.g., M = 32. However, 802
considering the typical massive MIMO configuration as 803
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Fig. 12. CDF of DL achievable rate for the conventional system, the SPR-aided system, and the SPR- and MBD-assisted system with M = 128 and λ = 0.1.
Fig. 13. Average DL cell throughput for the conventional system, the
SPR-aided system, and the SPR- and MBD-assisted system with λ = 0.1
against M .
M = 256, it is clear that the average DL cell throughput of804
the SPR-aided system approaches that of the conventional805
scheme, and the SPR- and MBD-assisted system performs best806
among all three. Moreover, when M is further increased, the807
performance gap between the SPR- and MBD-assisted system808
and the conventional system will also become larger, which809
means that the increased rate of edge users becomes larger than810
the decreased rate of center users.811
VIII. CONCLUSION812
We have developed an SPR and MBD precoding regime813
for LS-MIMO systems, which are capable of significantly814
enhancing both the achievable UL and DL rates for edge users.815
Our contribution is twofold. First, we break away from the816
traditional practice of treating all users as though they suffer817
from the same level of PC and propose a simple yet effective818
means of dividing the users into cell-center and cell-edge users.819
This grouping allows us to apply the proposed SPR scheme, 820
whereby a center pilot group is reused for the center users in all 821
cells, whereas the edge pilot group is applied to the edge users 822
in the adjacent cells. By requiring a slightly increased number 823
of pilot sequences, the proposed SPR scheme eliminates the 824
PC inflicted upon the edge users who would otherwise suffer 825
from severe PC in the conventional scheme. This significantly 826
enhances the QoS for the edge users and, at the same time, en- AQ1827
sures both the average UL and DL cell throughputs with slight 828
and negligible reduction compared with that of the conventional 829
system. Second, we further exploit the fact that the BS becomes 830
capable of estimating the intercell channels of the edge users 831
in the adjacent cells with the aid of the SPR regime without 832
the deliterious effects of PC. Finally, we extend the classical 833
BD precoding to a multicell scenario and propose the MBD 834
precoding to eliminate the ICI imposed on the edge users of the 835
adjacent cells in the DL. This MBD precoding further enhanced 836
the performance of edge users in DL transmission and improved 837
the average DL cell throughput, in addition to the gain obtained 838
by the SPR scheme. 839
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AQ1 = The phrase “meanwhile ensures both the average UL and DL cell throughput” was changed to “and,
at the same time, ensures both the average UL and DL cell throughput....” Please check if appropriate.
Otherwise, please make the necessary changes.
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